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Fuel-lean combustion in spark ignition engines is a promising strategy to improve 
engine efficiency. However, a fuel lean cylinder charge tends to lower the burning 
velocity because of the lowered chemical reactivity of the mixture, unless the flame 
propagation is accelerated by introducing an intensified flow field in the combustion 
chamber. Nevertheless, the literature reveals that the lean burn strategy with 
intensified flow fields can impose severe challenges on the ignition and flame 
development processes both in present and upcoming production engines. To 
address these issues and to better secure the flame kernel at the initial stage of 
combustion, various ignition strategies have been proposed with the aim of 
developing higher discharge current and longer discharge duration in the ignition 
processes, compared to those encountered with conventional spark ignition 
techniques. Moreover, while both current amplitude and duration of the plasma 
channel are fundamental to the flame kernel formation and development, their roles 
have not been fully clarified, let alone adequately quantified, in respect to the 
extensive variations in pressure, temperature, flow status, and mixture strength.  
Consequently, in this study, the impacts of discharge current amplitude and duration 
on the flame kernel initiation were investigated empirically using a constant volume 
combustion chamber and a single-cylinder research engine platform. The constant 
volume combustion chamber system was constructed so that a gas mixture with 
independently controlled pressure, composition, and flow intensity could be 
supplied. High-speed imaging was used to enable spatial and temporal 
characterizations of the flame kernel initiation process. Turbulence was generated 
inside the combustion chamber by a jet flow setup. A field programmable gate array 
(FPGA) controller was used to synchronize the controls of the sparking events, jet 
flow, and high-speed imaging. To achieve independent control of the discharge 
current amplitude and duration, the discharge current profile was modulated to form 
a quasi-rectangular shape by using a variety of hardware configurations and event 
controls. Ignition studies with various discharge current amplitudes and durations 




showed that both discharge current amplitude and discharge duration had minimal 
impact on the ignition process under quiescent condition. However, under flow 
conditions, a longer discharge duration contributed to tailing flame kernels near the 
spark gap, and a higher discharge current amplitude contributed to larger flame 
kernels. Based on the experimental results and analysis, a correlation between the 
discharge current profiles and the flame kernel development was established with 
ultra-lean mixtures under intensified flow conditions.  
Additionally, the operational principles of the single-coil repetitive discharge and 
dual-coil offset discharge strategies were explored and explained. The necessary 
control algorithms for the repetitive and offset discharge strategies were established 
by analyzing the empirically acquired electrical waveforms of the discharge events.  
Finally, a preliminary investigation of the impact of discharge duration on the 
ignition stability was conducted using a single-cylinder research engine fitted with 
precise coolant conditioning, flexible air and fuel management, and comprehensive 
measurement and data acquisition. The experimental results indicated that a longer 
discharge duration contributed to improved combustion stability. However, ignition 
delay and combustion duration were unaffected by the prolonged discharge duration. 
Keywords: fuel-lean combustion, spark ignition, flame kernel formation and 
development, discharge current amplitude, discharge duration, single-coil repetitive 
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CHAPTER I  
1 INTRODUCTION 
Internal combustion engines with spark ignition are the primary powertrains for passenger 
cars and other light-duty vehicles. The efficiency and emissions of such engines have been 
the focus of improvement research for decades. In this chapter, the research backgrounds 
are introduced for the work undertaken. An overview is produced on the trends and 
challenges of spark ignition research, by correlating the relevant literature and the recent 
progress of the author’s laboratory. The research objectives are presented at the end of this 
chapter, followed by the outlines of the dissertation. 
1.1 Introduction 
Internal combustion engines (ICEs) have provided outstanding drivability and durability 
for vehicles, therefore, remained the preferred choice among the available powertrain 
options for automobiles for more than a century. For instance, ICE vehicles (ICEVs) 
amounted to more than 90% of passenger cars sold all over the world in 2019 [1]. New 
generations of ICEs are expected to continuously power most automotive vehicles, 
including in hybrids, for a foreseeable future. Nevertheless, ICEs typically burn 
hydrocarbon fuels to produce power, so that CO2 and H2O are produced from combustion. 
According to the transport tracking report from International Energy Agency (IEA), global 
transportation was responsible for 24% of direct CO2 emissions from fuel combustion in 
2019 [2]. Out of this 24%, road vehicles, including cars, trucks, buses, and two or 
three-wheelers, accounted for nearly three-quarters of CO2 emissions [2]. As a substitution 
for ICEVs to reduce the CO2 emissions in the transportation sector, electric battery-
powered vehicles are gaining enormous attention in recent years. This is mainly attributed 
to the relatively high tank-to-wheel (TTW) efficiency and zero local “tailpipe” emissions 
[3]. However, the widespread adoption of battery electric vehicles (BEVs) in the coming 
years is still hindered by the fundamental challenges, especially the relevantly lower energy 
density of battery packs.  
The volumetric and gravimetric energy densities of various hydrocarbon fuels and battery 




natural gas, have high gravimetric energy density but low volumetric energy density, which 
demands high costs in on-board storage for achieving the desired driving ranges [4,5].  
 
Figure 1-1 Gravimetric and volumetric energy density of energy sources [3] 
Under atmospheric conditions, liquid fuels such as diesel and gasoline, hold much higher 
volumetric energy density than gaseous fuels and battery cells. For instance, gasoline has 
a volumetric energy density of 32 MJ/L, which is typically two orders of magnitude higher 
than either hydrogen or natural gas, and one order of magnitude higher than battery cells. 
The high energy density, together with the broad availability, makes diesel and gasoline 
fuels the primary energy sources in the transportation sector. On the contrary, the maximum 
achievable energy densities of battery cells and battery packs are significantly confined by 
the fact that batteries contain all the reactants on-board for the electrochemical reactions 
[3]. By contrast, the combustion of hydrocarbon fuels in automotive applications only 
requires the fuel to be on-board, while air, which constitutes the major mass of the 
reactants, is readily available in the atmosphere. The low energy densities of battery packs 
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and light-duty vehicles powered by ICEs can readily travel over 500 km with 40 kg of fuel 
on-board. In order to have a similar driving range, BEVs need to carry a battery pack 
weighing approximately 500 kg [3].  
Another hot debate with regard to BEVs is the CO2 emissions. Although BEVs are tailpipe 
CO2 free, the electricity used to power BEVs is not. Given the CO2 emissions from the 
global electricity generation being 475 g/kWh in 2019 [6], a Tesla Model S with a driving 
efficiency of 0.2 kWh/km would produce 95 g/km CO2 emissions when charged from the 
grid [7]. As a reference, a Toyota Prius equipped with ICE may only emit 95 g/km CO2 
well to wheel (WTW) [8]. Therefore, the advantage of tailpipe CO2 free of BEVs could be 
overshadowed by the carbon footprint of electricity generation.  
The prospect of using alternative energy sources, including solar, wind, geothermal, 
biofuels, etc., to substitute fossil fuels has enlightened a pathway towards zero carbon 
emissions. According to the projection by the International Renewable Energy Agency 
(IRENA), with the renewable energy sources and electrification, the CO2 emissions in 
transportation can be reduced by 72% in 2050 [9]. Nevertheless, renewable energy sources 
typically occupy more land than non-renewable energy sources to produce the same 
amount of power [10-12]. Even though the solar panels have a comparatively high power 
density among the renewables, postulating a power density ranging from 5 to 20 W/m2 
[10], coals and hydrocarbon fuels are produced with power densities of no less than 
100 W/m2 (most commonly ranging from 250 to 500 W/m2) [12], even after including 
transportation, processing, conversion, transmission, and distribution needs. The relatively 
low power density, together with the intermittency nature of many renewables [12], 
impedes large-scale developments and mainstream acceptance for the renewable energy 
sources. 
Figure 1-2 illustrates the global primary energy consumption and sources in 2019 [12,13]. 
Currently, renewable energy sources only accounted for 5.1% of the primary energy 
consumption worldwide. According to the projection made by the World Energy Council, 





Figure 1-2 Global primary energy consumption and sources in 2019 (Adapted from 
[12,13]) 
In context with the above reasoning, it appears that future mobility will be powered by a 
mix of power solutions, including BEVs, hybrid electric vehicles (HEVs), fuel cell electric 
vehicles (FCEVs), and conventional ICEVs. Thus, ICEs will remain to play an 
indispensable role in the automotive industry, especially in commercial truck applications 
[3,15]. At the same time, the reductions of fuel consumption and CO2 emissions of ICEs 
become increasingly urgent for engine researchers and auto makers to address the global 
warming concern. 
1.2 Spark ignition engines 
Presently, spark ignition (SI) engines dominate the powertrains of passenger cars and 
light-duty vehicles. In a conventional port fueled SI engine, the fuel and air are metered in 
stoichiometric ratio into the intake manifold, and then inducted via the intake valves into 
the cylinder to form a homogeneous air-fuel mixture. The combustion process in SI engines 
usually starts at a plasma that is released at the gap of a high voltage spark plug towards 
the end of the compression stroke. Once the flame kernel is initiated, a turbulent flame 
usually develops and propagates outward from the spark plug until completing combustion 
or being quenched on the combustion chamber wall. During the early flame development, 
the energy released from the flame is insignificant to raise the pressure of the combustion 





















combustion chamber steadily rises, departing from the pressure trace without combustion. 
Figure 1-3 illustrates a typical combustion process in SI engines. The motoring curve 
depicts the cylinder pressure trace in absence of combustion. The combustion process can 
be divided into four stages: (1) spark ignition; (2) early flame development; (3) flame 
propagation; (4) flame termination [16,17].  
 
Figure 1-3 Combustion process in SI engines 
The early flame development stage is characterized as the crank angle interval between the 
spark timing and the departure of pressure trace from a benchmarking motoring trace, 
where a small fraction of fuel in the cylinder, e.g. 5%, has burned. Experiments and 
simulation results indicate that the early stage of in-cylinder combustion plays a dominant 
role in the overall combustion stability [16-19]. This is often attributed to the cyclic 
variations in mixture composition and flow motion near the spark gap region [17]. If larger 
flame kernels are formed, the flame development stage is less prone to the cycle-to-cycle 
variations [19]. The flame propagation stage is characterized as the crank angle interval 
between the timing of apparent ignition and the point when 90% or 95% of fuel in the 
cylinder is combusted. The flame propagation stage in SI engines is more affected by the 
average conditions in the bulk gas within the combustion chamber, including the turbulent 
velocity fluctuations and the gas composition [16].  
The combustion phasing in SI engines, which is defined as the crank angle when 50% of 







































window shortly after the top dead center (TDC) to achieve an optimal thermal efficiency, 
often 6~10 °CA after TDC [20-22]. 
1.3 Strategies for SI engine improvement and challenges for ignition processes 
SI engines inherently have a lower thermal efficiency compared to their compression 
ignition (CI) counterparts. This is mainly caused by the low compression ratio, the 
incomplete combustion of stoichiometric air-fuel mixtures, and the pumping loss caused 
by throttling under partial load conditions [23-25]. Advanced strategies have been reported 
during the past decades, to improve SI engine efficiency, as summarized in Figure 1-4 [23]. 
The strategies of interest to the author include the downsizing of engine displacement, the 
adoption of high compression ratios, the implementation of lean and diluted combustion, 
and the intensified in-cylinder charging motions [23-29].  
 
Figure 1-4 Potentials for SI engine efficiency improvement (Adapted from Karl et al. 
[23]) 
Among these strategies, lean or diluted combustion has drawn enormous research attention 
[29-32]. Under partial engine load conditions, the engine pumping work can be reduced 
with a lean or diluted mixture, as the throttling can be reduced to maintain a constant load. 
This contributes to a higher cycle efficiency and better fuel economy [31]. The use of 





























exhaust gas recirculation (EGR) reduces the intake oxygen concentrations and lowers the 
flame temperature, thereby reducing the NOx emissions, especially under partial engine 
load conditions [33,34]. Cooled EGR may also be advantageous to mitigate engine 
knocking, which in turn allows SI engines to adopt higher compression ratios, further 
contributing to efficiency enhancement [35,36]. 
While the lean or diluted combustion potentially benefits the thermal efficiency of SI 
engines, excessive air, or excessive dilution, often makes the ignition process more difficult 
and may even deteriorate the combustion stability. The lowered chemical reactivity often 
leads to a slower burning velocity [37-39]. According to Bradley and Lawes’ research 
results, the laminar burning velocity of ethanol-air mixtures decreases with the increases 
in the excess air ratio (λ) and the initial pressure, as shown in Figure 1-5 [30,38]. The slow 
burning velocity prolongs the combustion duration, resulting in severe cycle-to-cycle 
variations. The combustion process in some cycles becomes excessively slow, and cannot 
complete even when the exhaust valve opens, which leads to partial burn. Misfire cycles 
occur for further leaner or diluted mixtures. The occurrences of abnormal cycles generally 
set the practical fuel-lean limit for engine operations; and the amount of EGR that the 
engine can tolerate [40,41].  
 
Figure 1-5 Impact of excess air ratio on laminar burning velocity (Adapted from Bradley 
et al. [38]) 
In order to speed up the combustion process that is charged with a lean or diluted mixture, 
swirl and tumble flows are often introduced to enhance in-cylinder turbulence. In practice, 






































squared velocity fluctuation within the cylinder (as shown in equation 1-1 [16,42]), is 











 [m/s] (1-1) 
Where 𝑈  is the flow velocity, and ?̅?  is the time averaged mean flow velocity in the 
combustion chamber. 
Suzuki measured the flow velocity and turbulence intensity at the ignition timing of a 
four-cylinder four-stroke 2.4 L SI engine with a laser doppler velocimeter (LDV) [45]. 
Figure 1-6 illustrates their measurement results under different engine speeds. With the 
engine speed increasing from 1200 RPM to 3600 RPM, the flow velocity near the spark 
gap increased from 10 m/s to 55 m/s, and the averaged turbulence intensity within the crank 
angle window between 30 °CA and 0 °CA before TDC (BTDC) increased from 5 m/s to 
15 m/s [45]. 
 
Figure 1-6 Impact of engine speed on flow velocity and turbulence intensity near the 
spark gap (Adapted from Suzuki et al. [45]) 
Sufficient turbulence can significantly speed up the burning process of the fuel-lean 
mixture [43-45]. Additionally, the moderate cross flow at the gap of a spark plug can stretch 
the hot plasma out of the minimum gap jumping, resulting in a longer plasma length, which 
is beneficial for the early flame kernel formation [46-48]. Yu and Yang illustrated a 
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Temperature [K] 600
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1-7, where the supporting arm of the ground electrode was placed vertical to the flow 
direction [46]. 
 
Figure 1-7 Stretched spark plasma channel under 20 m/s cross-flow [46] 
However, the intensified flow is a double-sided sword, because the sufficiently high 
turbulence also imposes severe challenges on the ignition process. The minimum ignition 
energy (MIE) that is required to ignite a combustible gas increases with the flow velocity 
and turbulence intensity significantly [49,50]. Based on the measured flow velocity at the 
spark gap, Suzuki further calculated the flame growth time by numerical simulation, for 
the combustible gas with an excess air ratio of λ 1.8 being ignited by a conventional 
discharge strategy (with a peak discharge current of 100 mA and a discharge duration of 
1 ms). The durations for the initial flame kernel to grow into a flame volume of 15 mm3 
volume under varied flow velocities are plotted in Figure 1-8 [45]. The flame kernel grows 
slowly in the low flow velocity (10 m/s) case, while develops faster with the intensified 
flow conditions. However, misfires often occur when the flow velocity is beyond 30 m/s. 
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Furthermore, during the discharge process, the spark plasma channel cannot be stretched 
beyond a limiting length by the flowing gas. When the plasma channel is stretched 
excessively, where the spark gap voltage is not able to sustain the overlong channel, the 
channel is blown off by the gas flow. Thereby, when the remaining energy of the coil 
sustains, the spark gap voltage resurges and thus restrikes in the vicinity of the spark gap. 
The pairing occurrences of blow-off and restrike produce a short-circuit phenomenon [46-
48,51], whereby a new plasma channel of shortened length is established. If the resurged 
voltage, upon blow-off, is insufficient to re-establish a new plasma channel, the energy 
discharge process through the plasma channel terminates, as shown in Figure 1-9.  
With a higher flow velocity and turbulence intensity, the occurrences of restrike and 
blow-off tend to become more frequent. The frequent restrike and short-circuit phenomena 
reduce the effective plasma length and the plasma channel holding period, which may 
hamper the flame kernel initiation and development [46]. Once the spark channel is blown 
off, the pathway to deposit spark energy to the proceeding combustible mixture is cut off. 
Without sufficient spark energy to assist the chemical reaction of combustion, the 
successful ignition of the lean or diluted air-fuel mixture would become even more 
difficult.   
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In addition to the lean or diluted combustion strategy, engine downsizing is another 
effective approach to raise engine efficiency [52]. The engine downsizing strategy is 
usually accompanied by turbocharging or supercharging techniques to supersede the 
otherwise lost torque and power of lowered engine displacement. It is considered that such 
downsized engines can reduce the weight of engine block, and might even reduce the 
friction between the piston and engine bore for efficiency improvement [52]. On the other 
hand, the cylinder compression pressure on high boost typically produces a high density of 
mixture; thereby, a higher breakdown voltage is required for the ignition to succeed [53]. 
In conclusion, even though the engine efficiency can be improved by the lean or diluted 
combustion, the intensified charge motion, and the intake boost, the ignition processes of 
such engines are subjected to the escalated challenges that include the lower mixture 
chemical reactivity, the more frequent restrike and blow-off, and the higher breakdown 
voltage demand. In order to realize the benefits offered by the aforementioned strategies to 
achieve a higher engine efficiency, it is vital to enhance the ignition source to secure the 
flame kernel formation and sustain the early flame development. 
1.4 Transistor coil ignition systems and the discharge process 
The transistor coil ignition (TCI) system currently is the most prevalent ignition system 
applied in SI engines to initiate the combustion process. This is generally attributed to its 
simple design, low cost, and robust performance. The conventional TCI system consists of 
an on-board electric battery, an inductive coil pack that contains a primary winding and a 





Figure 1-10 TCI system and the charging and discharging processes 
The terminals of primary winding are connected to the battery and the transistor switch. 
The secondary winding is directly connected to the central electrode of the spark plug. 
Before a target sparking time, the transistor in the primary circuit is switched on typically 
for a few milliseconds, which is termed as the charging process. A magnetic field is formed 
during the charging process, and electrical energy is stored in the field of the primary 
winding. Upon receiving the sparking command, the transistor is switched off, which 
prompts a rapid drop in primary current. Due to the coil inductance, the primary current 
drop induces a surge in primary voltage that effectively amplifies the battery voltage.  
The primary voltage surge induces a much higher voltage surge in the secondary coil, in 
magnitudes. The coil’s voltage transformation ratio is determined by the winding ratio 
between the secondary coil and the primary coil. Thus, the system can achieve a high 
voltage often up to 30 kV, via this two-stage amplification. Once the secondary voltage 
across the gap of electrodes exceeds a breakdown threshold of the gaseous media, a spark 
plasma channel is formed across the gap, and the secondary circuit becomes a closed 
circuit. Therefore, the voltage surging of the secondary coil is interrupted by the breakdown 
event. In the meantime, the ownership of the electric field is transferred from the primary 
coil to the secondary coil. 
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During the voltage surging of the central electrode of the spark plug, the structure 
configuration capacitor, or the parasitic capacitor of the spark plug receives energy of 
charging. Upon breakdown, the electrical energy stored in the parasitic capacitor and the 
ignition coil, is then released to the gaping gas through the plasma channel. This is termed 
as the discharging process.  
For an explanation purpose, the discharging process can be artificially divided into four 
phases: pre-breakdown, breakdown, arc, and glow [54-57], as shown in Figure 1-11. 
 
Figure 1-11 Spark discharge process (Adapted from [54,55]) 
The following description for the discharging process is provided taking a TCI system as 
the source of a high voltage energy supply. During the pre-breakdown phase, the high 
secondary voltage is established at the central electrode of the spark plug, and an electric 
field is formed near the spark gap. Upon receiving the rapid surging of the secondary 
voltage, the gaping resistance collapses, once a voltage threshold is reached to have ionized 
gaseous media across the spark gap. In the meantime, electrons flow through the ionized 
pathway in an accelerated manner. The collapsing voltage is referred to as the breakdown 
voltage that establishes a plasma channel, allowing electrons to flow from anode to 
cathode, or from the ground electrode to the central electrode of the spark plug. Once the 



























































































from the central electrode to the ground electrode of the sparkplug. Due to the large size 
and mass, in relevance to electrons, ionized species move at a much slower velocity than 
electrons. 
When the conductive channel is stabilized, the electrical energy mainly stored in the 
parasitic capacitor of the spark plug is first released, which is followed by a rapid voltage 
drop and a current surge in the secondary circuit. This voltage drop and current surge are 
termed as the breakdown phase. The breakdown phase is generally characterized by high 
voltage (e.g. 5~20 kV), high peak current (e.g. ~200 A), and extremely short duration (e.g. 
1~3 ns) [16, 55]. The high breakdown voltage and discharge current surge are in phase, 
which greatly enhances the discharge power. Within the short duration of the breakdown 
phase, the temperature and pressure in the plasma channel increase drastically. The high 
pressure in the spark plasma channel typically generates audible shock waves that 
propagate outwards in the open atmosphere. The electrical energy is then transferred to the 
combustible gas in the vicinity of the spark gap for thermal heating and kinetic activation.  
The discharge process following the breakdown phase is the arc phase, which is 
supplemented by the thermionic emissions, i.e. mass transfer, from the molten hot spots on 
the cathode. The arc phenomenon causes the spark gap voltage dropping typically to less 
than ~100 V, while the discharge current can be as high as the secondary coil energy 
supports. Because the arc phase produces a hot cathode spot, evaporation of the cathode 
material occurs, which is considered to be one of the sources of the spark plug erosion.  
Subsequently, the discharge process proceeds to the glow phase as the discharge current 
drops further, for example, to less than 200 mA. The spark gap voltage, however, may 
resume to a higher level of likely within 300 V to 500 V under ambient conditions. Unlike 
the arc phase, the electrons during the glow phase are obtained from the cold cathode via 
electron flow through the ionized pathway solely.  
During the arc and glow phases, the electrical energy stored in the ignition coils is supposed 
to be mostly released. This is termed as the resistive discharge, which contrasts with the 
brief capacitive discharge of the initial stage of the breakdown phase. Ideally, the arc and 




spark gap voltage (in hundreds of volts), and long and adjustable discharge duration (up to 
a few milliseconds) [54-56].  
A conventional TCI system can reliably generate sparks at the targeted timing for engines 
operating at near stoichiometric conditions, or even with a moderate amount of EGR. 
However, once the air-fuel mixture goes to fuel lean, the spark energy produced by a 
conventional coil pack, in a single-spark event, may not be adequate to initiate the flame 
kernel reliably anymore. The MIE typically increases with the excess air ratio, flow 
velocity, and turbulence intensity [49,50]. This requires the ignition system to supply more 
energy, or to profile the energy delivery more effectively to the spark gap. Furthermore, 
under strong flow conditions, the retaining of the plasma channel requires a high amplitude 
of discharge current that is found effective to prevent the plasma channel from being 
blown-off and to lower the frequency of restrikes [44-48]. 
Through optical engine tests, Suzuki identified that a main function of the discharge current 
in a strong flow field was to hold the plasma channel [45]. Brandt derived the requirements 
for a spark ignition system to secure a flame kernel in lean or diluted mixtures with 
intensified flow [48]. These requirements included a minimum of 50 mA spark current over 
the entire discharge period, a minimum of 3 ms sparking duration, a deployable 40 kV 
breakdown voltage, and a fast re-ignition capability [48]. The adequate discharge current 
and duration would help to provide sufficient spark energy and account for possible 
mixture inhomogeneity near the spark gap. The high voltage was required to successfully 
initiate the breakdown event under high engine loads. The fast re-ignition capability was 
required to resume ignition, in case the plasma channel was blown off by the strong flow 
field. 
However, a conventional TCI system is not capable of meeting all of these requirements, 
due to the inherent limitations of energy storage and the decaying discharge current profile. 
In recent years, research efforts have been spent on innovating ignition systems to tackle 
the challenges imposed by the lean and diluted combustion strategies, and by the intensified 
flow fields. Various novel ignition strategies have been reported in the literature, often 
investigated with engine and combustion chamber experiments. A review of past and recent 




Based on the surveyed literature, the present ignition advancements were found focusing 
on the enhancement of the ignition power and energy, the elevation of the discharge current 
amplitude, the prolongation of the discharge duration, and the enlargement of the ignition 
volume [58,59].  
1.5 Research Objectives 
According to previous research results, the enhanced spark energy is beneficial for the 
flame kernel initiation in lean or diluted combustion. In a spark ignition system, since the 
spark energy is the integration of the discharge current and spark gap voltage within the 
entire discharge duration, both the discharge current amplitude and spark duration affect 
the amount of energy delivered to the spark gap. However, the respective roles that the 
discharge current amplitude and duration, in relevance to their impact on the flame kernel 
formation and development processes, have not been fully clarified, let alone been 
adequately quantified. 
The primary objective of this research is to study the fundamental roles that the discharge 
current amplitude and spark duration play in the early combustion process. Special research 
interests are given to the prolonged discharge duration, in an attempt to establish a 
correlation between the discharge current profiles and the flame kernel development under 
various background conditions. This objective will be mainly achieved via combustion 
tests with an in-house designed constant volume combustion chamber. The discharge 
current and duration will be controlled independently. Shadowgraph and direct imaging 
techniques will be applied to capture the plasma channel behavior and the flame kernel 
development process, under quiescent and flow conditions.  
The literature survey presented in Chapter 2 shows that the multi-event spark discharge 
strategies are promising techniques to improve actual engine operations, in enhancing the 
spark energy and extending the discharge duration. However, in-depth studies about the 
operating mechanism of such ignition systems are still limited in the literature. Another 
objective of this research is to develop a better understanding of the multi-event spark 
discharge strategies. Particularly, the research focuses on the multi-coil offset discharge 




duration. This objective will be achieved with both electrical measurement and optical 
diagnosis instrumented to the combustion chambers. Instead of using a single coil pack 
solely, a dual-coil strategy will be deployed under advanced FPGA control. Further, the 
dual-coil packs, generally referred to as multi-coil, will be controlled either in step or by 
offset, in energy release.  
Once the appropriate control algorithms for the multi-coil offset discharge strategy are 
established, an attempt will be made to apply such strategy in a single-cylinder research 
engine platform, to further investigate the performance of the extended discharge duration 
during engine operations. 
1.6 Dissertation outlines 
The dissertation consists of seven chapters, which are organized into five main sections, as 
illustrated in Figure 1-12. The first section consists of Chapter 1 and Chapter 2. The 
research background and objectives are introduced in Chapter 1, and a detailed literature 
review is presented in Chapter 2. The second section is Chapter 3, in which detailed 
descriptions of the empirical tools and methods used to execute the research plans are 
provided. 
The third section consists of Chapter 4 and Chapter 5. In Chapter 4, a mechanism study is 
performed to study the fundamental roles of the discharge current amplitude and duration 
played in the flame kernel formation and development processes. In Chapter 5, the 
operating principles of the single-coil repetitive discharge and multi-coil offset discharge 
strategies are explored and explained based on the electrical waveforms of the discharge 
events.  
Based on the study in Chapter 5, the hardware and control strategies of a multi-coil 
continuous discharge ignition system are established; and subsequently applied in a single-
cylinder research engine platform, in Chapter 6. The final section of this dissertation 
comprises of the research outcomes, along with the additional information in the references 
and appendices. The conclusions of this research, and recommendations to the future work, 
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CHAPTER II  
2 LITERATURE REVIEW 
In response to the ignition challenges imposed by lean and diluted combustion in modern 
SI engines [23], efforts have been made on advanced ignition technologies. An overview 
of previous and ongoing research in spark ignition strategies is presented in this chapter. 
The review mainly focuses on the strategies based on the conventional transistor coil 
ignition system. 
2.1 Direct-capacitor discharge strategy 
A direct-capacitor discharge strategy refers to the technique of adding a capacitor in 
parallel with the spark gap of a conventional TCI system [54,59-66]. Based on the 
operation principle, the direct-capacitor discharge strategy can be classified as a 
high-power discharge strategy [54,61-65] and a high-energy discharge strategy [61,62,66]. 
Figure 2-1 demonstrates the operation principle of a high-power direct-capacitor discharge 
strategy [54]. The add-on capacitor normally has much higher capacitance than the 
structural parasite capacitance of the spark plug. During the charging process, both the 
parasitic capacitor and the add-on capacitor are charged by the ignition coil before the 
breakdown event. Once a plasma channel is formed, the voltage amplitude of the central 
electrode of the spark plug drops, which allows the energy stored in the add-on capacitor 
to be quickly released through the plasma channel. When the total energy supplied from 
the ignition coil remains the same, the add-on capacitor can help distribute more spark 
energy to the breakdown phase, consequently, less energy is released during the glow and 






Figure 2-1 Working principle of high-power direct-capacitor discharge strategy (Adapted 
from Yang et al. [54]) 
The rapid energy release from the add-on capacitor increases the transient discharge current 
of the breakdown phase. The breakdown power is also enhanced, since the high discharge 
current is in step with the high discharge voltage. Figure 2-2 illustrates the discharge 
waveforms of the breakdown process for a high-power discharge strategy under 1 bar 
absolute pressure and room temperature. With a direct capacitor of 200 pF, the peak 
discharge current was increased to 80 A, in comparison with 20 A for a stock spark plug. 
The peak discharge power was enhanced from 60 kW to 295 kW [60,61].  
The research conducted by Yang [54] confirmed that the enhanced discharge power of the 
breakdown phase was beneficial for the flame kernel formation process under quiescent 
conditions, for both lean and CO2 diluted mixtures. However, the benefits of the enhanced 
discharge power observed under quiescent condition were diminished when flow was 
presented in the spark gap region, because the increase in the parallel capacitance caused 
reductions in both discharge energy and spark duration of the glow phase [54].  





























    a. Configurations                       b. Electrical waveforms of breakdown process 
Figure 2-2 Electrical waveforms of high-power direct-capacitor discharge strategy 
(Adapted from Yu et al. [61]) 
Apart from the enhanced breakdown power, the direct-capacitor technique can also be used 
to increase the ignition energy, which is termed as the high-energy direct-capacitor 
discharge strategy [61,62,66].  In such a strategy, the add-on capacitor, which is typically 
several microfarads, is charged by an auxiliary power source to a voltage level higher than 
the minimum voltage required to sustain a plasma channel but not adequate to cause a 
breakdown event, e.g. 600 V, as shown in Figure 2-3 [61]. Once the plasma channel is 
formed after the breakdown event, the energy stored in the add-on capacitor is released to 
the spark gap, which results in a transient high discharge current. 
As reported by Yu, with an add-on capacitor of 5 μF, charged to 600 V, the high-energy 
discharge strategy produced a peak discharge current of 400 A. During the 15 μs capacitive 
discharge process, approximately 900 mJ electrical energy was released to the spark gap 


























































































































































(1 bar abs., room temperature)
Capacitor discharge process

















high-energy discharge strategy was often lower (about 30 kW) than that of the high-power 
discharge strategy [60,61]. Owing to the intensive spark energy release, experiments 
conducted by Yu on a constant volume combustion chamber proved that the high-energy 
discharge strategy could extend the combustion lean limit under quiescent conditions from 
λ 1.7 to 2.0 [61]. 
 
Figure 2-3 Electrical waveforms of high-energy direct-capacitor discharge strategy 
(Adapted from Yu et al. [61]) 
Nevertheless, there are practical concerns to apply the direct-capacitor techniques into 
production engines, such as the potential electrical erosion caused by the high-power 
breakdown and the severe thermal erosion from the transient high current. The high-energy 
discharge technique is considered beneficial and practical for engine cold start and 
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2.2 Repetitive discharge strategy 
In a conventional TCI system, the majority of spark energy is deposited during the glow 
phase discharge. For a fixed ignition coil configuration, the primary voltage and charging 
duration are the principal parameters to modulate the spark energy, other than hardware 
modifications. However, the maximum spark energy that a TCI system can deliver to the 
spark gap is often limited by the saturation of the ignition coil.  
A repetitive-discharge strategy is based on a TCI system, but energizes the ignition coil 
multiple times under a certain frequency for one ignition process. To realize 
high-frequency repetitive discharge, the inductance of the primary winding is often 
reduced. Additionally, the primary voltage is also elevated to facilitate the fast-charging 
process [59]. In the literature, a number of ignition systems were developed based on the 
repetitive discharge concept [67-70]. Hese characterized a high-frequency single-coil 
multi-spark ignition (MSI) system in a single-cylinder engine, with two charging 
frequencies (5 kHz and 15 kHz), as shown in Figure 2-4 [67]. Engine tests were conducted 
under an engine load of 3 bar IMEP and an engine speed of 2000 RPM. The results showed 
that with a spark energy of 90 mJ, the MSI system under 5 kHz charging frequency 
achieved a lower misfire rate and fewer cycle-to-cycle variations, in comparison to a 
conventional TCI system. However, the increase in the charging frequency to 15 kHz did 
not show any benefits on the combustion process. 
 
Figure 2-4 Electrical waveforms of MSI system with two charging frequencies [67] 




Piock characterized a multi-charge ignition system (MCI) with 10 kHz charging frequency 
in an engine with a stratified combustion system [68]. He concluded that the flexible 
ignition duration of the MCI system could extend the misfire-free engine operation range 
with improved emissions and lower fuel consumptions [68,69]. Bae evaluated a high 
frequency ignition (HFI) strategy under various tumble and swirl strength conditions [70]. 
The effects of the primary voltage and charging frequency on the ignition performance of 
the HFI system were investigated with engine tests. The results illustrated that a discharge 
strategy with 2 ms spark duration, 20 kHz charging frequency, and 140 V primary voltage 
could provide the best engine performance. The improvement was mainly attributed to the 
high discharge energy and long spark duration realized by the high frequency repetitive 
discharge mode [70]. 
2.3 Offset discharge strategy 
Another way to enhance the spark energy and prolong the spark duration is to connect 
multiple ignition coils in parallel with one spark plug, and make them discharge energy to 
the spark gap alternately. This is termed as the offset discharge strategy. For instance, a 
dual-coil offset (DCO) ignition system comprises of two identical ignition coil packs, with 
two diodes separating the high-voltage outputs of the secondary windings [71-73]. Figure 
2-5 illustrates the schematic and picture of the SwRI’s DCO ignition system, together with 
the electrical waveforms of the primary and secondary current [71,72].  
 














The ignition performance of the offset discharge strategy was investigated widely with both 
engine tests and combustion chamber experiments under lean or diluted conditions [71-
78]. Alger employed a DCO ignition system in a 2.4 L four-cylinder gasoline engine [71-
73]. A comparison among a single-event single discharge, a single-coil repetitive 
discharge, and the DCO strategy was conducted under an engine load of 2 bar BMEP. The 
results showed that the DCO strategy could extend the EGR tolerance by 5%~10% over 
the single-event single discharge, and 2%-5% over the single-coil repetitive discharge 
strategy [72].  
Chen implemented a variable output ignition system (VOIS) on a 3.5 L V6 gasoline 
turbocharged direct-injection (GTDI) engine [74]. The VOIS had a similar configuration 
as the DCO system but included a controller to realize both a DCO strategy and a strategy 
with two discontinuous discharge events [74,75]. Engine tests were conducted under two 
operation conditions: 1.5 bar BMEP at 1000 RPM, and 2.6 bar BMEP at 1500 RPM. The 
results confirmed that the DCO strategy with a continuous discharge profile could extend 
the EGR dilution limit. In contrast, the discontinuous discharge strategy had a marginal 
impact on extending the EGR tolerance [74].  
Huang compared the ignition performance of different discharge strategies with a four-coil 
ignition system in a constant volume combustion chamber [76]. The four ignition coils 
were all connected in parallel with one spark plug. The investigated ignition strategies 
included single discharge strategies with both a two-coil configuration and a four-coil 
configuration, a four-coil repetitive discharge strategy with 2.5 kHz charging frequency, 
and a four-coil offset discharge strategy with 10 kHz alternating frequency. Figure 2-6 
illustrates the discharge waveforms of the four investigated strategies acquired under 
atmospheric conditions. The combustion tests showed that the four-coil offset discharge 
strategy could maintain a continuous discharge process of 2.8 ms under a cross-flow 
velocity of 10 m/s and an initial mixture pressure of 30 bar, thus, was able to extend the 





Figure 2-6 Electrical waveforms of the investigated ignition strategies acquired under 
atmospheric condition [76] 
Jung and Iida implemented a ten-coil ignition system in a single-cylinder SI engine. In the 
ten-coil system, two ignition coils were connected in series as a set, and the five sets of 
coils were connected in parallel with a spark plug, as shown in Figure 2-7 [77,78]. Each 
coil set was controlled independently via an ignition-timing controller. 
 
Figure 2-7 Schematic of the ten-coil ignition system (Adapted from Jung et al. [77,78]) 
The five coil sets could be charged simultaneously [77] or in sequence [78]. When the 




















































































changing the time interval (∆𝑡𝑖) between the charging event of each coil set. Figure 2-8 
demonstrates an example of such a strategy with a time interval of 0.2 ms [78]. 
 
Figure 2-8 Control strategy of the ten-coil ignition system with a time interval of 0.2 ms 
(Adapted from Jung and Iida [78]) 
With a charging duration of 5 ms for each coil set, varying the time interval from 0.1 ms 
to 1.2 ms could prolong the total discharge duration from 1 ms to 6 ms. Engine tests were 
carried out under an engine load of 10 bar IMEP, to investigate the impact of the time 
interval on the combustion characteristics. The results indicated that 0.2 ms was the optimal 
time interval for this ignition system. With 0.2 ms time interval, the ten-coil ignition system 
could extend the engine operation lean limit to λ=1.97 [78]. 
2.4 Ignition strategy with controlled discharge current  
One of the main advantages of the offset discharge strategy is the prolonged discharge 
duration. However, with a fixed primary voltage and ignition coil, the discharge current 
amplitude of the offset strategy is often limited by the shortened charging events, especially 














































































under a high charging frequency. Previous research results have revealed that the plasma 
channel with a higher discharge current amplitude is less prone to restrikes and blow-off 
under intensified flow conditions [45-48]. Therefore, various alternative ignition strategies 
have been developed and reported in the literature, aiming to elevate the discharge current 
amplitude of the glow and arc phases [46-48,79-81].  
Brandt deployed a controlled electronic ignition (CEI) system which utilized a single 
ignition coil coupled with a step-up converter to generate a flexible discharge current 
profile ranging from 60 mA to 120 mA [48]. The block diagram and discharge current 
waveforms of the CEI system are illustrated in Figure 2-9. Owing to the continuous feeding 
of high spark energy to the spark gap, the CEI system could increase the EGR dilution rate 
by 5%~12%, in comparison to a conventional TCI system [48]. 
 
Figure 2-9 Block diagram and discharge current of the CEI system (Adapted from Brandt 
et al. [48]) 
Yu reported a boosted current spark strategy [46-47,79,80]. With an in-house developed 
boosted discharge current module setup in parallel with the spark gap, the discharge current 
profile was modified into a quasi-rectangular shape with independent control over the 
current amplitude and duration, as shown in Figure 2-10. Engine tests were performed in a 
single-cylinder research engine under an engine load of 3 bar IMEP. The results showed 
that the boosted current strategy with a discharge current of 500 mA and a discharge 
duration of 3 ms could shorten ignition delay and provide better control over the 
a. Block diagram b. Discharge current
Spark energy:














combustion phasing under lean operation conditions, as compared with a normal spark 
ignition strategy.  
 
Figure 2-10 Discharge current waveforms of the boosted current module under different 
control parameters [46] 
Hayashi reported a discharge current-controlled ignition system, in which an electronic 
drive unit (EDU) was connected to both the primary and secondary windings of the ignition 
coil. By supplementing energy to the ignition coil from the EDU, the discharge profile was 
modified to a square shape, with a discharge current amplitude varied from 100 mA to 
200 mA, and a discharge duration ranging from 0.5 ms to 1.5 ms. The configuration and 
discharge waveforms of such a system are illustrated in Figure 2-11 [81].  
Engine experiments were carried out under different engine load and speed conditions. The 
discharge current-controlled system could stabilize the flame kernel formation process, 
thus, extended the engine operation lean limit from λ 1.6 to λ 1.8, in comparison to a 
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concluded that the discharge profile should be controlled in accordance with the engine 
operating conditions. A long discharge duration without blow-off at low engine speeds, or 
an enhanced discharge current in a short duration at high engine speeds, was the optimal 
ignition strategy for dilution combustion [81].  
 
Figure 2-11 Configuration and discharge current of the discharge current-controlled 
ignition system (Adapted from Hayashi et al. [81]) 
2.5 Summary 
Present alternative ignition strategies mainly target to either elevate the discharge current 
amplitude or prolong the discharge duration. However, the fundamental effects of the 
discharge current amplitude and spark duration on the flame kernel initiation in lean and 
diluted combustion have not been fully clarified, in respect to the variations in pressure, 
temperature, flow status, and mixture strength.  
The repetitive discharge and offset discharge strategies have demonstrated improved 
ignition capabilities over the conventional TCI systems in lean and dilution combustion. 
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under elevated pressure and intensified flow conditions were less discussed in the literature. 
Moreover, the impacts of the working parameters on the discharge process have not been 
fully investigated, such as the coil alternating frequency, charging voltage, and coil 
inductances. Therefore, this dissertation aims to provide an in-depth study of these two 





CHAPTER III  
3 RESEARCH METHODOLOGY 
This chapter details the platforms and methods used for the empirical study. Two types of 
research platforms are employed: (1) a set of constant volume combustion chambers, with 
optical access for high-speed shadowgraph and direct imaging; and (2) a single-cylinder 
research engine with independent fuel and air management. 
3.1 Constant volume combustion chamber research platform  
The constant volume combustion chambers have served as the research platform for the 
mechanism studies to be presented in Chapter 4 and Chapter 5. Each of the constant volume 
combustion chambers is supplied with a gas mixture of independently controlled pressure, 
composition, and flow velocity. Each chamber is equipped with the ignition control and 
diagnosis systems, the optical viewing windows, and the high-speed imaging systems. The 





Figure 3-1 Constant volume combustion chamber research platform 
3.1.1 Ignition and diagnosis systems 
As a focusing area of this study, the hardware and control were established for a multi-coil 
ignition system, which was further coupled with boosted current modulation, as illustrated 
in Figure 3-2. In specific, the multi-coil ignition system was devised in a dual-coil 
configuration. As one of the strategies employed in this research, a pair of coil packs were 
connected to provide a common output to a spark plug. The ignition coil pack can be 
charging and discharging simultaneously or in an alternating manner. The output terminals 
of both secondary coils were eventually connected to the common spark plug, with a high 
voltage diode setting in-line of each connection. The major function of the in-line high-
























































independent charging and discharging processes of each coil pack. The charging process 
of each coil pack was individually controlled by an insulated gate bipolar transistor (IGBT) 
ISL9V3040P3, with a shutting off ramp of approximately 4~10 μs [82].  
A novel boosted current module developed in the author’s laboratory was devised to raise 
the discharge current amplitude on demand. The boosted current module was powered by 
an external power source, which pre-charged a capacitor of 3 μF. The supply voltage of the 
power source was set between 400 V and 2000 V. The output of the boosted current module 
was connected to the spark plug through a high-voltage proof diode. A high-voltage 
MOSFET (IXTH3N200P3HV) that could withstand 2000 V DC voltage and maximum 3 A 
current, was used to gate the electrical energy release from the boosted current module. An 
in-line resistor was placed at the upstream of the spark plug. The discharge current 
amplitude of the boosted current module was adjusted by changing the voltage of the 
external power source and the resistance of the in-line resistor.  
 
Figure 3-2 Electrical circuit of the ignition system 
In this ignition system, the ignition coils functioned mainly as the plasma channel initiator, 
whereby, the conventional energy supply to the plasma channel could be negligible. The 














































voltage produced by the ignition coil initiated a plasma channel. Once the plasma channel 
was established across the spark gap, the voltage amplitude of the central electrode dropped 
to below the voltage amplitude of the boosted current module, so that the energy from the 
boosted current module could be released to the spark gap in an elevated discharge current. 
The voltage of the boosted current module was preset to provide the discharge current to a 
desired level.  
Another reason to deploy the multi-coil ignition system instead of a conventional 
single-event TCI system was that the multi-coil offset discharge strategy can generate 
multiple occurrences of breakdown event for establishing a quasi-continuous discharge 
profile. The sequential breakdown processes, as scheduled by the FPGA controller, 
re-established new plasma channels consecutively, irrespective of the status of plasma 
holding or blow-off. Further, the periodically renewed breakdown and discharge, and the 
renewed current boost from the module, allowed a strong discharge current standing 
without decaying. Thus, when the plasma channel was blown off under flow conditions, 
the offset discharge strategy was able to re-establish a plasma channel by the subsequent 
discharging events. With the combination of the two systems, the discharge duration was 
precisely controlled over a wide range, e.g. from 0.2 ms to 30 ms. 
Because the fastest charging event in this study needed to be 25 μs and the execution was 
in a recurring pattern, the hardware of the platform must provide control flexibility over 
the working frequency and discharge duration. The experiment employed a control 
platform utilizing a National Instruments TM Real-Time (RT) controller (PXI 8106) with a 
Field Programmable Gate Array (FPGA) module (PXI 7833R). The RT controller was 
programed to transfer the duration and timing requests of a host PC to the FPGA, through 
high-speed communication. The execution of the hardware FPGA program generated 
precise TTL control signals. The FPGA module was a reprogrammable integrated circuit 
that featured a loop speed up to 40 MHz, which enabled the execution of the programed 
code in a time interval of 25 ns [83].  
The multiple parallel output channels of the FPGA module realized the independent 




systems. The overall hardware connections for the ignition control are shown in Figure 3-3. 
The RT-FPGA chassis was connected to a host computer by RJ 45 ethernet cable. The 
FPGA module was connected to a terminal box that linked the input and output signals of 
FPGA to the ignition drivers, the boosted current module, and the high-speed cameras, 
etcetera. Figure 3-4 illustrates the simplified block diagram of the ignition system. 
 





Figure 3-4 Block diagram of the ignition system 
In order to characterize the charging and discharging processes under various testing 
conditions, electrical measurements were instrumented to the primary and secondary 
circuits of the ignition system, respectively. The current and voltage in the primary circuit 
were measured by a Tektronix A622 current probe and a TPI P250 voltage probe, 
respectively. The current and voltage in the secondary circuit were measured with a 
Pearson 411 current probe and a Tektronix P6015 high-voltage probe, respectively. The 
high voltage was probed at the terminal nut of the spark plug. All the transient 
measurements were performed simultaneously, in synchronization with the high-speed 
imaging under the FPGA control. The corresponding probing positions are shown in Figure 
3-5. The results were recorded by a PicoScope 4824 high-precision oscilloscope. Data 
recording was externally triggered by a spark energizing command signal from the 
RT-FPGA controller. The specifications of the instruments for the electrical measurement 
are summarized in Table 3-1. 


















Figure 3-5 Electrical measurement position of the ignition system 
It is worth mentioning that the rated bandwidth of the Person 411 current probe is 20 MHz 
and the rising time is approximately 20 ns [84]. Since the breakdown event usually happens 
within several nanoseconds, the peak discharge current measured during the breakdown 
phase is not accurate. However, the bandwidth of the probe is suitable for measuring the 
discharge current during the glow and arc phases. In contrast, the bandwidth of the 
Tektronix P6015 high-voltage probe is 75 MHz and the rising time is 4 ns [85], which are 
sufficient for catching the breakdown voltage, by following the secondary coil voltage 
surge reliably until breakdown. 
Table 3-1 Specifications of electrical measurement devices [84-87] 
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Two types of ignition coil packs and three types of spark plugs were used in this research. 
The ignition coils and spark plugs were characterized using a Keysight Technologies 
E4990A impedance analyzer that provided an impedance spectrum ranging from 20 Hz to 
20 MHz, as shown in Table 3-2 [88]. In the coil parameter measurements, because the 
charging duration of this research targeted a range from 25 µs to 7 ms, the impedance 
spectrum was set from 20 Hz to 40 kHz to cover the signals within a period from 25 µs to 
50 ms. When measuring the parasitic capacitance of the spark plug, the impedance 
spectrum was set from 20 Hz to 1 MHz that was equivalent to signals within a period from 
1 µs to 50 ms, as the pre-breakdown phase usually lasted for 10~40 µs.  
Table 3-2 Keysight Technologies E4990A Impedance Analyzer [88] 
 
➢ Frequency spectrum: 20 Hz to 20 MHz 
➢ Accuracy: ±0.08% 
➢ Measurement parameters: impedance, 
resistance, inductance, capacitance, Q factor 
 
The key parameters of the ignition coil packs, including the primary inductance (Lp) and 
resistance (Rp), the secondary inductance (Ls) and resistance (Rs), as well as the turns ratio 
of the secondary winding to primary winding, are summarized in Table 3-3.  
Table 3-3 Parameters of ignition coil packs 




Coil A 1.2 0.3 12.2 10.4 100 
Coil B 0.1 0.4 1.9 1.7 137 
 
The photos and key parameters of the spark plugs are illustrated in Figure 3-6. The 
non-resistive spark plug with a pair of needle-shape electrodes was used in the combustion 
chamber tests under quiescent conditions, to reduce the heat loss from the flame kernel to 
the electrodes. The NGK spark plug (IR ILZKR8A) with an internal resistance of 2.1 kΩ 
was utilized in the combustion chamber tests under flow conditions. The NGK BKR5E-11 
spark plug was used in the engine tests, as the 4.3 kΩ internal resistor could effectively 





Figure 3-6 Specifications of the selected spark plugs 
3.1.2 Constant volume combustion chambers 
The optical combustion chamber platform contained two constant volume combustion 
chambers (CVCC). A 2.6 L CVCC was employed to study the spark plasma behavior in a 
cross-flow field. A 0.2 L CVCC was configured to study the flame kernel initiation in a 
swirl flow field. 
The 2.6 L CVCC was equipped with two opposite quartz windows (∅ 80 mm viewports) 
on both sides. The specifications of the chamber are listed in Table 3-4. The schematic of 

















Ground electrode Stainless steel Platinum pad Nickel
Threads M14 M12 M14
Spark gap size 0.5 mm 0.86 mm 0.86 mm
Application Chamber test Chamber test Engine test




Table 3-4 Specifications of No.1 CVCC of 2.6 L 
Maximum block heating temperature 200 °C 
Designed maximum pressure 200 bar abs. 
Chamber body material SS 304 
Chamber body dimensions Width 300 mm × Depth 300 mm× Height 300 mm  
Chamber internal volume 2.6 L 
Optical windows 
Material: synthetic quartz 
Diameter: 120 mm 
Thickness: 100 mm 
Optical access: ∅ 80 mm 
Surface flatness: λ/10 (λ is the wavelength of the 
testing light source, typically 632.8 nm [89]) 
Maximum view ports 5 
 
 
Figure 3-7 No.1 optical CVCC test platform (2.6 L) 
The spark plug was installed in the top of the chamber. During the experiments, the optical 
chamber pressure was set to resemble the gas density of practical engines after cylinder 


























tank of 0.4 L was pressurized to a pressure higher than that in the optical chamber. The 
optical chamber and the buffer tank were connected by a stainless steel tube (¼ inch). Once 
the desired pressure difference between the buffer tank and the optical chamber was 
established, the gas in the buffer tank was released through the tube to generate a free jet 
flow across the spark gap region. A control valve system, which consisted of a solenoid 
valve and a pneumatic valve, was used to control the time window of the gas flow. The 
pneumatic valve was placed in the flowing gas line, while the solenoid valve was 
commanded by the RT-FPGA controller, to control the actuation of the pneumatic valve. 
The pressure of the supply air for the pneumatic valve was set to 7 bar absolute throughout 
the experiments conducted under flow conditions. 
The 0.2 L combustion chamber was also equipped with two opposite quartz windows 
(∅ 62 mm viewports). The specifications of the chamber are summarized in Table 3-5. The 
schematic of the test platform is illustrated in Figure 3-8. 
Table 3-5 Specifications of No.2 CVCC of 0.2 L 
Maximum block heating temperature 200 °C 
Designed maximum pressure 200 bar abs. 
Chamber body material SS 304 
Chamber body dimensions Width 204 mm × Depth 160 mm× Height 160 mm  
Chamber internal volume 0.2 L 
Optical windows 
Material: synthetic quartz 
Diameter: 82.5 mm 
Thickness: 63.5 mm 
Optical access: ∅ 62 mm 
Surface flatness: λ/10 






Figure 3-8 No.2 optical CVCC test platform (0.2 L) 
The 0.2 L CVCC was featured with a swirl flow field. To generate the swirl flow inside 
the chamber, three outlet ports were placed at the bottom of the chamber, along the tangent 
direction. Three stainless steel tubes (¼ inch) connected between the outlet ports and the 
0.4 L buffer tank, as shown in Figure 3-8. The same control valve system as used in the 
2.6 L CVCC platform, was used for releasing the gas mixture in the buffer tank. With this 
configuration, the gas flew to the combustion chamber tangentially through the outlet ports. 
A clockwise swirl motion was produced inside the chamber, viewed from the camera 
window. The spark plug was installed in the top of the chamber, at a position that the global 
cylindrical swirl flow could go across the spark gap. This configuration was used to 
reproduce the flow motions near the spark gap in production engines, including tumble, 
etcetera.  
A Swagelok pressure transducer (PTI-S-NG5000-22AQ, 0-5000 psi) was instrumented on 
the CVCC unit to acquire the pressure traces during the combustion process. The pressure 


















































3.1.3 Gas supply systems 
The gas supply system of the two CVCC units was composed of an Environics 4040 
computerized gas dilution system that could meter and mix multiple gases, in addition to 
the associated oil-free compressor, intake gas lines, exhaust gas lines, and other gas flowing 
lines. Such a multi-gas metering system is commonly referred to as a gas divider. 
The specifications of the computerized gas divider are listed in Table 3-6. The system can 
produce gas concentrations from percentage to ppb (parts per billion) levels. The system 
can operate at both concentration mode and flow mode [90]. In this study, the concentration 
mode was used to mix methane with air to the desired excess air ratios, with an operating 
pressure being set at 3 bar absolute. For the test conditions that required a pressure higher 
than the pressure of the gas dilution system, an external compressor was used to top up the 
pressure for the buffer tank and the combustion chamber.  
Table 3-6 Specifications of Environics 4040 gas dilution system [90]  
Parameters Specifications 
Accuracy Concentration/flow mode: ±1.0% setpoint 
Operating pressure at inlets 1.67~6.04 bar 
Performance temperature 15~35 ℃ 
Dilution ratios Up to 10000:1 
 
In both CVCC units, the flow velocity across the spark gap was controlled by adjusting: 
(1) the pressure difference between the combustion chamber and the buffer tank, and (2) 
the time elapse from the opening of the pneumatic valve to the spark initiation. The flow 
velocity was independently calibrated by using high-speed imaging to capture the motion 
of seeding particles flowing into the combustion chamber from the flowing gas lines. It 
should be noted that the overall flow process was unsteady, because the pressure difference 
between the combustion chamber and the buffer tank gradually reduced after the control 
valve was opened. However, the flow velocity in the vicinity of the spark gap can be 





3.1.4 High-speed imaging systems 
A shadowgraph and a direct imaging system were set up for optical diagnoses to the 
combustion chamber. The shadowgraph imaging system was composed of a “Z-type” light 
path with a high-intensity LED light source, a high-speed camera (Phantom V7.3), and two 
parabolic mirrors. This system was used to observe the flame kernel formation by capturing 
the difference of the light refractions caused by the density gradient of the gas media. Since 
the spark plasma channel was self-illuminated during the discharge process, the plasma 
channel behavior was captured with direct imaging. For the two-viewport chamber, both 
direct imaging and shadowgraph imaging could be taken simultaneously with a beam 
splitter placed 45° to the plane of the spark gap, where two high-speed cameras were 
available. The schematic of the high-speed imaging system is demonstrated in Figure 3-9. 
The specifications of the high-speed camera are listed in Table 3-7, together with the frame 
rates used in the direct and shadowgraph imaging techniques. 
 






















Table 3-7 Specifications of high-speed camera 
Camera Sampling frequency Lens 
Vision Research TM 
Phantom V7.3 
Direct imaging: 63492 fps             
@ 256X128 pix 
 
Shadowgraph imaging: 36697 fps 
@ 256X256 pix 
Nikon 105 mm f/2.8 FX 
AF MICRO-NIKKOR 
The synchronized controls of the spark event, the flow velocity, as well as the electrical 
and optical measurements were realized via the RT-FPGA controller. An in-house 
developed LabView program was used as the interface for the control commands. The 
sequence of the control commands during the experiments is illustrated in Figure 3-10. 
 
Figure 3-10 Control signal sequence during the experiments 
3.2 Single-cylinder research engine platform 
The single-cylinder research engine was a modified Yanmar NFD-170 single-cylinder 
stationary engine. This original engine was a horizontal, liquid-cooled, two-valve 
single-cylinder direct-injection diesel engine with a mechanical fuel injection system. The 

























research. The spark plug was centrally mounted in the cylinder head, in place of an original 
diesel injector. The axis of the spark plug was 20° from the perpendicular to the cylinder 
head surface. The nominal depth of the central electrode of the installed spark plug was set 
to 5 mm [91]. The original flat cylinder head was retained, while the piston was modified 
to form a shallow bowl profile. With this piston profile, the compression ratio of the engine 
was reduced from 17.8:1 to 9.2:1. Photos of the spark plug adaption and the piston profile 
are shown in Figure 3-11. 
 
Figure 3-11 Spark plug adaption and piston profile of the single cylinder engine 
Apart from the modification of the piston, the engine was also fitted with externally 
controlled coolant and lubricant conditioning, spark ignition control, as well as fuel and air 
management systems. The schematic of the overall engine research platform is illustrated 
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Table 3-8 Specifications of single cylinder research engine 
Engine parameter Value 
Displacement 0.857 L 
Bore 102 mm 
Stroke 105 mm 
Connecting rod length 165 mm 
Compression ratio 9.2:1 
Port injection pressure 4 bar gauge 
Fuel Pump-octane #87 gasoline 
Engine speed 1300 RPM 
Ignition system Spark ignition 
Coolant temperature 80 ℃ 
Due to the flat cylinder head rather than a pent-roof design [93], the in-cylinder flow field 
in this engine was different from a typical SI engine. In order to enhance the charge motion 
and turbulence inside the combustion chamber, a helical insert was installed upstream of 
the intake port. Details of the development work related to the insert was reported by Ives 
[94]. The photo of the helical insert is shown in Figure 3-13.  
 
Figure 3-13 Helical insert [94] 
A three-dimensional CFD simulation was made to characterize the flow field with the 
helical insert by Sandhu [95]. Figure 3-14 illustrates the simulated flow velocity in the 
spark gap during the motoring conditions. As can be seen from Figure 3-14, the maximum 
flow velocity occurs in a crank angle window between 315 °CA and 325°CA. The 






Figure 3-14 Simulated flow velocity across the spark gap during engine motoring [95] 
The single-cylinder engine was coupled to a 40 horsepower General Electric DC 
dynamometer (model 26G215) for speed control. The in-cylinder pressure was acquired by 
a water-cooled Kistler piezo-electric pressure transducer (model 6043A60) via a Kistler 
charge amplifier (model 5010B). The pressure data was ticked at a resolution of 0.1 °CA 
with an optical encoder (Gurley Precision Instruments) that was mounted on the engine 
crankshaft. A Kistler piezo-resistive type absolute pressure sensor (model 4075A10) was 
mounted on the intake manifold to provide a static reference pressure for the in-cylinder 
pressure transducer. During experiments, each datapoint consisted of the averaged pressure 
of 200 consecutive engine cycles. 
The engine platform was instrumented with various temperature and pressure sensors to 
monitor the engine operating conditions. Multiple NI data acquisition (DAQ) cards were 
utilized to collect the analog and digital signals during engine experiments. A network 
consisted of personal computers, RT-FPGA controllers, and DAQ cards, was configured 
to monitor the engine operation, and to apply various control strategies. Compared with 
other general operation systems, the RT-FPGA controller provided a deterministic 
hardware and software environment. 
An external liquid cooling system (FEV Coolant Conditioning Unit) was deployed to 
maintain the engine coolant temperature at 80 °C. The cooling unit was also used to preheat 
the engine prior to the engine tests. The fresh engine air intake was provided by an oil-free 
dry air compressor system. The intake pressure was controlled with a SMC electronic 




pressure regulator [96]. A Roots Meter (model 5M175) was located before the intake surge 
tank to measure the volumetric flow rate of intake air. With the pressure and temperature 
measurements of the intake air, the volumetric flow rate was converted to the mass air flow 
rate following the ideal gas law. This engine was also equipped with an EGR loop, though 
the use of EGR was not included in this research.  
A throttle valve and a solenoid four-hole port fuel injection (PFI) injector were installed 
upstream of the intake valve. The fuel injector was driven by an LM1949 inject drive 
controller. The injection pressure was set to 4 bar gauge. The intake charge flow rate was 
controlled by the throttle opening. The fuel injection duration was controlled to produce 
the targeted air-fuel ratio. The fuel used in the engine tests was pump-octane #87 gasoline, 
with the fuel properties listed in Table 3-9. A positive displacement flow meter (Ono Sokki 
FP-213) was used to measure the volumetric flow rate of fuel. The mass flow rate of 
gasoline fuel was then calculated based on the volumetric flow rate and the fuel density.  
Table 3-9 Fuel properties [97] 
Property Gasoline 
Density (@ 15 ℃, g/cm3) 0.74 
Viscosity (@ 40 ℃, cSt) 0.5 
Octane number [-] 87 
Air-fuel stoichiometry (by mass) 14.7 
Lower heating value (MJ/kg) 41.9 
 
A photo of the spark plug, PFI injector, intake pressure transducer, and in-cylinder pressure 





Figure 3-15 Photo of the engine cylinder head 
The engine exhaust species were measured with different types of gas analyzers 
manufactured by California Analytical Instruments (CAI). The emission analyzers 
instrumented in this engine platform included a flame ionization detector (FID) for 
hydrocarbon (HC) measurement, a nondispersive infrared (NDIR) sensor for CO and CO2 
measurement, a paramagnetic oxygen sensor for intake and exhaust O2 measurement, and 
a heated chemiluminescence detector (HCLD) for NOX measurements. The specifications 
of the emission analyzers are listed in Table 3-10.  
Table 3-10 Specifications of emission analyzers 
Species Analyzer type Range used Resolution 
CO Non-dispersive infrared (NDIR) 0-1% 0.001% 
CO2 Non-dispersive infrared (NDIR) 0-20% 0.02% 
O2 Paramagnetic oxygen sensor 0-25% 0.025% 
NO/NO2/NOX Chemiluminescence detector 0-3000 ppm 0.01 ppm 
HC Flame ionization detector (FID) 0-3000 ppm 0.01 ppm 
 
Additionally, an in-house made exhaust gas conditioning unit was deployed to condition 













together with filters and a compressor, was used to eliminate water. The particulate matter 
and water were removed from the exhaust gas before flowing into different gas analyzers. 
 
➢  System components 
• heated sampling line 
• filter 
• compressor  
• chiller unit  





CHAPTER IV   
4 IMPACT OF SPARK DISCHARGE STRATEGY ON IGNITION PROCESSES 
In this chapter, the impacts of spark discharge current and duration control strategies on 
the processes of ignition and flame development are investigated with a constant volume 
combustion chamber under both quiescent and flow conditions. 
4.1 Introduction 
Even though the burning of a fuel-lean or inert gas diluted combustible mixture is 
considered to be a promising strategy for SI engines to achieve high efficiency, the reduced 
chemical reactivity of such mixtures severely challenges the ignition process. Since the 
early stage of flame development is dominated by the spark discharge process, the 
effectiveness of the ignition source is of great importance. In order to secure a flame kernel, 
effective ignition control systems are innovated to increase the discharge current amplitude 
and discharge duration. For the conventional TCI systems, the primary voltage and 
charging duration are the principal parameters to modulate the discharge energy, other than 
hardware modifications. However, the modulation of the discharge energy of the TCI 
system will affect the discharge current and discharge duration at the same time. For 
example, an increase in the discharge current amplitude is often accompanied by a 
prolonged discharge duration. This phenomenon makes it challenging to investigate the 
impact of discharge characteristics on the flame kernel development process individually 
with the conventional TCI system. 
A multi-coil ignition system and a boosted current module were developed in the author’s 
laboratory to tackle the challenges. With the combination of these two systems, the 
discharge current profile was modulated into a quasi-rectangular shape in this work, as 
shown in Figure 4-1a. In this way, the discharge current amplitude and discharge duration 
were controlled independently. The impact of the discharge characteristics on the ignition 
process was investigated under both quiescent and flow conditions, with a discharge 
current sweep from 60 mA to 2900 mA. For each discharge current amplitude, the 
discharge duration was varied from 0.2 ms to 6 ms. Extreme cases with the discharge 




discharge current modulation that was deployed in this research. Figure 4-1b illustrates the 
discharge specifications and test matrix for this study. 
 
                    a. Discharge profile                                   b. Test matrix 
Figure 4-1 Discharge profile and test matrix for ignition mechanism study 
4.2 Impact of discharge strategy on the ignition process under quiescent conditions 
The impacts of different discharge strategies on the ignition process under quiescent 
conditions were investigated via the combustion tests conducted in a 0.2 L constant volume 
chamber. Before ignition, the background pressure in the chamber was set to 3 bar absolute 
pressure. Methane was used as the fuel to mix with air via the Environics 4040 
computerized gas dilution system. The excess air ratio was fixed at λ=1.8. A spark plug 
with a pair of needle-shape electrodes was used in the experiments, in order to minimize 
the heat loss from the flame kernel to the electrodes of the spark plug. The spark gap size 
was adjusted to 0.5 mm. The test conditions and the spark plug configuration are shown in 
Figure 4-2.  
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Figure 4-2 Test conditions and spark plug configuration for combustion tests under 
quiescent conditions 
During each test, the ignition coil, which had a primary inductance of 0.1 mH and a 
secondary inductance of 1.9 H, was charged for 0.2 ms to establish a spark plasma channel 
first. Once the plasma channel was initiated, the boosted current module was activated to 
sustain the discharge current to the desired level and duration. The 0.2 ms charging duration 
of the ignition coil produced a peak discharge current of 45 mA, and a discharge duration 
of 0.2 ms, thus only contributing 3 mJ spark energy to the discharge process. Since the 
majority of energy released to the spark gap was from the boosted current module, for 
convenience of discussion, the discharge current in this section only referred to the boosted 
current amplitude.  
4.2.1 Impact of discharge duration on the ignition process 
In order to study the impact of the discharge duration on the ignition process under 
quiescent conditions, combustion tests with a discharge duration sweep (from 0.2 ms to 
6 ms) were conducted. The discharge current amplitude was set to 60 mA (typically found 
in production engines [48]) using the boosted current module. The discharge current 
waveforms of the duration sweep tests are illustrated in Figure 4-3. 
Background conditions 3 bar abs., 25 ℃
Gas media CH4-air, λ=1.8
Total fuel energy 1000 J
Ignition coil Lp: 0.1 mH, Ls: 1.9 H
Coil charging duration 0.2 ms (3 mJ discharge energy)
Boosted current duration 0.2~6 ms
Spark gap size 0.5 mm








Figure 4-3 Discharge current waveforms of the discharge duration sweep tests under 
quiescent conditions 
Figure 4-4 illustrates the discharge current and voltage waveforms acquired for the cases 
of 0.2 ms, 3 ms, and 6 ms boosted current durations, which represent short, medium, and 
long discharge durations, respectively.  
 
Figure 4-4 Discharge waveforms for the selected cases with different discharge durations 
under quiescent conditions 
The flame kernel development processes are shown in Figure 4-5, following the time 























3 ms 4 ms
5 ms
6 ms
Background conditions: 3 bar abs., 25 ℃ Fuel: CH4, λ=1.8
Boosted current amplitude: 60 mA Flow: 0 m/s
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Figure 4-5 Impact of discharge duration on flame kernel development under quiescent 
conditions 
Based on the acquired images, the flame kernel development process was quantified by the 
projected flame area, as shown in Figure 4-6. The differences in flame area among the three 
selected cases appeared insignificant.    
 
Figure 4-6 Flame area comparison for different boosted current durations under quiescent 
conditions 
0 ms 6 ms 15 ms 30 ms 50 ms
0 ms 6 ms 15 ms 30 ms 50 ms
0.2 ms




















Background conditions: 3 bar abs., 25 ℃ Fuel: CH4, λ=1.8 Total fuel energy: 1000 J
























Background conditions: 3 bar abs., 25 ℃ Fuel: CH4, λ=1.8




A comparison of the flame areas among all the cases in this discharge duration sweep is 
illustrated in Figure 4-7, together with the spark gap energy. The flame areas are plotted as 
a function of the discharge duration, at 5 ms and 15 ms after the breakdown event, 
respectively. Although the spark energy increased linearly with the prolonged discharge 
duration, the flame area did not increase linearly, indicating that the discharge duration had 
little impact on the flame kernel development process beyond an adequate ignition energy 
threshold. This was mainly caused by that the plasma channel was confined within the 
spark gap during the discharge process under quiescent conditions. Once the flame kernel 
was initiated along the plasma channel, the plasma channel was fully enclosed by the 
burned gas and had little chance to energize fresh air-fuel mixtures.  
 
Figure 4-7 Flame area comparison for discharge duration sweep tests under quiescent 
conditions 
4.2.2 Impact of discharge current amplitude on the ignition process 
The impact of discharge current amplitude on the ignition process was investigated by 
modulating the discharge current from 60 mA up to 2900 mA using the boosted current 




















Background conditions: 3 bar abs., 25 ℃ Fuel: CH4, λ=1.8
Boosted current amplitude: 60 mA Total fuel energy: 1000 J
Boosted current duration: 0.2~6 ms Flow: 0 m/s























discharge duration of 2 ms corresponding to a typical duration in engine operations [48]; a 
discharge duration of 0.2 ms suitable for decoupling the impact of the discharge current 
amplitude on the flame kernel initiation, from the impact of the discharge duration. The 
electrical waveforms of the two discharge current sweeps are illustrated in Figure 4-8.  
 
Figure 4-8 Discharge current waveforms of the discharge current amplitude sweep tests 
under quiescent conditions 
The results of the discharge current sweep tests with the 2 ms boosted current duration 
were discussed first. Three discharge current amplitudes (60 mA, 800 mA, and 2900 mA) 
were selected for the discussion, as illustrated in Figure 4-9. During the experiments, it was 
observed that once the discharge current was beyond 100 mA, the glow phase discharge 
transferred to arc phase, which caused a drop in the amplitude of the spark gap voltage.  
With 60 mA discharge current, the amplitude of the spark gap voltage was approximately 
400 V. When the discharge current was increased to 800 mA and 2900 mA, the amplitude 
of the spark gap voltage dropped to 27 V and 20 V, respectively. Because of such voltage 
amplitude drop, the spark energy did not increase linearly with the elevation of the 
discharge current level. Figure 4-10 illustrates the averaged spark gap voltage of the current 
amplitude sweep tests, together with the spark gap energy calculated based on the acquired 





















































Boosted current: 60~2900 mA Background conditions: 3 bar abs., 25 ℃ 
Boosted current duration: 0.2 ms & 2 ms Fuel: CH4, λ=1.8





Figure 4-9 Discharge waveforms of the selected cases with different discharge current 
amplitudes under quiescent conditions (ts: 2 ms) 
 
Figure 4-10 Spark gap voltage and spark energy of the discharge current amplitude sweep 
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Time after breakdown (ms)
Background conditions: 3 bar abs., 25 ℃ Fuel: CH4, λ=1.8















































Background conditions: 3 bar abs., 25 ℃ Fuel: CH4, λ=1.8




The flame kernel development processes of the three selected cases are illustrated in Figure 
4-11. In the 2900 mA case, a white ball like spark with high luminosity appeared at the gap 
after the breakdown event, viewed from the image taken at the breakdown timing (0 ms) 
in Figure 4-11. However, the differences in flame kernel size among the three cases were 
insignificant. Even though at 6 ms after the breakdown event, the flame kernel in the 
60 mA case was slightly smaller than that in the two higher current cases, no discernable 
difference was observed in flame kernel sizes at 50 ms after the breakdown event. 
 
Figure 4-11 Impact of discharge current amplitude on flame kernel development under 
quiescent conditions (ts: 2 ms) 
The projected flame areas of the three cases are plotted in Figure 4-12. The high luminosity 
ball generated by the high discharge current amplitude caused a noise signal in imaging 
analyses, leading to a surge in the flame area calculation within the first 10 ms after the 
breakdown event. After the lighting noise disappeared, the flame area curves of the three 
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Background conditions: 3 bar abs., 25 ℃ Fuel: CH4, λ=1.8 Total fuel energy: 1000J





















Figure 4-12 Flame area comparison for different discharge current amplitudes under 
quiescent conditions (ts: 2 ms) 
For all the cases in this discharge current sweep, a flame area comparison was made to 
further analyze the impact of discharge current amplitude on the ignition process. For fair 
comparison, the flame areas at 10 ms and 15 ms after the breakdown event were plotted, 
respectively, as a function of the discharge current amplitude, as shown in Figure 4-13. 
 
Figure 4-13 Flame area comparison for the discharge current sweep tests under quiescent 
conditions (ts: 2 ms) 
Overall, a higher discharge current amplitude showed a marginal benefit on the flame 
kernel development process. This was still caused by that the plasma channel was enclosed 
in the burned region under quiescent conditions once the flame kernel was initiated. A 
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duration. The flame kernel development processes of three cases (60 mA, 800 mA, and 
2900 mA) with 0.2 ms boosted current duration are illustrated in Figure 4-14.  
 
Figure 4-14 Impact of discharge current amplitude on the flame kernel development 
under quiescent conditions (ts: 0.2 ms) 
The flame area comparison for this discharge current sweep is illustrated in Figure 4-15, 
along with the calculated spark energy. The flame areas at 10 ms and 15 ms after the 
breakdown event were selected for comparison to get rid of the lighting noise caused by 
the high discharge current amplitude. 
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0 ms 0.2 ms 15 ms 30 ms 50 ms
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Background conditions: 3 bar abs., 25 ℃ Fuel: CH4, λ=1.8 Total fuel energy: 1000 J
























Figure 4-15 Spark energy and flame area comparison for discharge current sweep tests 
under quiescent conditions (ts: 0.2 ms) 
4.2.3 Impact of discharge profile on the ignition process 
A matrix of combustion experiments with varied discharge current amplitudes and 
durations were conducted under quiescent conditions to systematically investigate the roles 
of these two parameters played in the ignition process. The projected flame area of each 
case was calculated, and the value at 20 ms after the breakdown event was plotted in Figure 
4-16. The analysis of the flame area showed that the prolonged discharge duration had 
limited impact on the flame kernel initiation, while the increased discharge current 
amplitude slightly accelerated the flame kernel growth. The reason was suspected to be the 
fact that the plasma channel under quiescent conditions was totally enclosed in the burned 
region once the flame kernel was initiated.  
Background conditions: 3 bar abs., 25 ℃ Fuel: CH4, λ=1.8











































Figure 4-16 Flame area at 20 ms after the breakdown event for different discharge 
profiles under quiescent conditions 
4.3 Impact of discharge strategy on the ignition process under flow conditions 
4.3.1 Introduction 
In this section, the impact of discharge current amplitude and discharge duration on the 
flame kernel formation process under flow conditions was discussed. Under various 
discharge current amplitudes and durations, ignition tests were conducted in the 0.2 L 
constant volume combustion chamber with strong swirl flows, as shown in the left side of 
Figure 4-17. A spark plug (NGK IR ILZKR8A) with a gap size of 0.86 mm was installed 
in the top of the chamber, in an extruding position that the gaseous mixture can readily 
flow across the spark gap.  
The initial background pressure in the combustion chamber was set to 1 bar absolute. In 
order to generate a swirl flow field inside the combustion chamber, the pressure in the 
buffer tank was set to 4 bar absolute. A pneumatic valve was placed in the gas flowing line 
in between the buffer tank and the combustion chamber, to release the gas mixture in the 
buffer tank. A solenoid valve was commanded to control the actuation of the pneumatic 
valve. The pressure of the supply air for the pneumatic valve was set to 7 bar. With this 
configuration, the opening delay of the pneumatic valve was approximately 100 ms. The 




























Background conditions: 3 bar abs., 25 ℃





Figure 4-17 Test conditions and spark plug configuration for combustion tests under flow 
conditions 
The flow velocity across the spark gap was varied by adjusting the schedules of the control 
valve opening and the spark timing. Two flow velocities (40 m/s and 20 m/s) were 
employed in this study to mimic the intensity of in-cylinder tumble. Figure 4-18 
demonstrates the commanding procedures between the valve control and the spark event 
control for realizing the two flow velocities, respectively.  
In strategy I, the valve was commanded to open for 300 ms to let the air-fuel mixture in 
the buffer tank flow into the combustion chamber. The time interval between the spark 
event command and the valve opening command was set to 200 ms. With this commanding 
procedure, the background pressure at the spark timing was 1.7 bar, and the flow velocity 
across the spark gap was estimated as 40 m/s.  
 




Excess air ratio (λ) 1.0, 1.8, 1.9
Spark plug gap size 0.86 mm
Flow velocity at spark gap
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20 m/s (Strategy II)
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In strategy II, the control valve was commanded to open for 200 ms. The time interval 
between the spark event command and the valve opening command was set to 300 ms. 
Under this commanding procedure, the background pressure at the spark timing was 
elevated to approximately 2.3 bar. Because of the higher background pressure, together 
with the decayed flow field, the flow velocity across the spark gap at the spark timing was 
reduced to 20 m/s for strategy II tests. The pressure traces of the two flow strategies with 
an ignited case and a misfired case are presented in Figure 4-19, respectively. 
 
Figure 4-19 Pressure traces of the flow control strategies 
For the combustion tests conducted under flow conditions, the boosted current module was 
used to vary the discharge current amplitude. However, the flowing gas across the spark 
gap was likely to stretch out the spark plasma, resulting in restrikes or even blow-off of the 
plasma channel. The occurrence of restrike and blow-off made it challenging for the 
boosted current module to precisely control the discharge duration, as the boosted current 
module was not able to re-establish a plasma channel once it was blown off.  
In order to tackle this challenge, a dual-coil offset (DCO) discharge strategy was also 
deployed in the combustion tests under flow conditions. In the DCO strategy, a pair of 
ignition coil packs (Lp: 0.1 mH, Ls: 1.9 H) were charged alternately under a frequency of 
20 kHz, with a charging voltage of 24 V. The duration of the first charging event of each 
















Ignited case Misfired case
Spark

























 During the tests, the DCO strategy was used to initiate the plasma channel first. When the 
plasma channel was established across the spark gap, the boosted current module was 
activated to elevate the discharge current amplitude to a preset value. Once the plasma 
channel was blown off, the DCO strategy promptly rebuilt a plasma channel with its 
multiple breakdown events. Figure 4-20 illustrates the discharge current waveforms of the 
boosted current strategy with and without the DCO strategy. With the combination of the 
two ignition systems, the discharge process was well-controlled throughout a preset 
duration, over very lean and high flow conditions. 
 
Figure 4-20 Boosted current strategy with/without DCO strategy under flow conditions 
4.3.2 Impact of discharge duration on the ignition process 
In this section, the impact of the discharge duration on the ignition process under flow 
conditions was discussed. Ignition strategies with different discharge durations were 
investigated under two excess air ratios. The overall stoichiometric condition of λ=1.0 was 
commonly found in SI engines, which represented the scenario with low ignition 
difficulties. The lean condition of λ=1.8 was a challenging condition for SI engines, where 
the flame kernel initiation was difficult, but most cases were still ignited.  
The discharge duration was varied from 0.5 ms to 30 ms via the DCO strategy, while the 













































durations of 0.7 ms, 1.2 ms, and 2.2 ms, under λ=1.8 and 40 m/s conditions. The selected 
cases represented the typical discharge durations found in production engines [48], while 
the mixture strength and flow would be expected to see in future engines. Figure 4-21 
illustrates the corresponding discharge waveforms. 
 
Figure 4-21 Discharge waveforms of the selected cases with different discharge durations 
under λ 1.8 and 40 m/s 
The flame kernel development processes of the selected cases are illustrated in Figure 4-22. 
In the case of 0.7 ms discharge duration, the flame kernel was formed after the breakdown 
event, denoted as 0 ms, and was detached from the spark gap at 1.8 ms. After the 
detachment, the formed flame kernel rotated with the swirl flow motion. Since there was 
no more spark energy deposited to the spark gap to form new flame kernels, the formed 
flame kernel disappeared at 5 ms after the breakdown event, likely by the heat dissipation 
to the surrounding gas. 
Background conditions: 1.7 bar abs., 25 ℃ Fuel: CH4, λ=1.8
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Figure 4-22 Impact of discharge durations on flame kernel development under λ 1.8 and 
40 m/s 
In the case of 1.2 ms discharge duration, the flame kernel was attached to the spark gap for 
a slightly longer period than that in the 0.7 ms case, so a larger flame kernel was formed at 
the detaching moment. However, the flame kernel was eventually quenched since it was 
insufficient to compensate the heat dissipation to the surrounding gas. 
Once the discharge duration was extended to 2.2 ms, the flame kernel was attached to the 
spark gap for a longer period. With fresh methane-air mixture continuously flowing across 
the spark gap, a larger flame kernel was produced. With the larger flame kernel, more heat 
was released to compensate the heat dissipation, to the surrounding gas under the turbulent 
conditions. The flame kernel eventually developed self-sustained.      
To further clarify whether a longer discharge duration was always beneficial for the 
ignition process, the discharge duration was progressively extended to 30 ms under the 
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Background conditions before ignition: 1.7 bar abs., 25 ℃
















With the chamber pressure traces, the durations to reach 10% (𝑡10%) and 50% (𝑡50%) of the 
maximum pressure could be used to quantify the flame growth, based on the assumptions 
that the gas mixture in the chamber was ideal gas, the pressure rise in the constant volume 
combustion chamber was mainly contributed by the burning of fuel, and the heat transfer 
loss to the chamber wall was negligible. Therefore, the 𝑡10% was used as an indicator for 
the ignition process, while the 𝑡50% was used to quantify the flame propagation process. 
The detailed calculations could be found in appendix A of this dissertation. For each ignited 
case, the 𝑡10% and 𝑡50% for the discharge duration sweep tests under λ 1.0 and λ 1.8 were 
calculated, with the results presented in Figure 4-23 and Figure 4-24, respectively. 
 





























Background conditions before ignition: 1.7 bar abs., 25 ℃





Figure 4-24 Impact of discharge duration on combustion characteristics under λ 1.8 and 
40 m/s 
Generally, the extension of the discharge duration promoted the early, and even the overall, 
combustion process. Even though under λ 1.0, the increase in the discharge duration from 
0.7 ms to 5 ms offered a small drop in both 𝑡10%  and 𝑡50% , increasing the discharge 
duration beyond 5 ms barely affected the combustion process further. By contrast, under 
λ 1.8, the extension of the discharge duration up to 30 ms accelerated the flame propagation 
process consistently, owing to the fact that fresh air-fuel mixture was continuously passing 
through the spark gap and being activated by the hot plasma channel. 
Figure 4-25 illustrates the calculated 𝑡10% and 𝑡50% for the combustion tests conducted 
under λ 1.8 but with a mixture flow velocity of 20 m/s. With a lower flow velocity, although 
the overall combustion process became slower as compared with the scenarios under 
40 m/s, a sharp drop in either 𝑡10% or 𝑡50% was observed when the discharge duration was 
extended from 2.7 ms to 12.5 ms. However, the benefits on the ignition and flame 
propagation processes became insignificant, when the discharge duration was further 



























Background conditions before ignition: 1.7 bar abs., 25 ℃





Figure 4-25 Impact of discharge duration on combustion characteristics under λ 1.8 and 
20 m/s 
The shadowgraph images of the flame kernel initiation for four selected cases (2.7 ms, 
5.3 ms, 20 ms, and 30 ms) under 20 m/s mixture flow velocity are illustrated in Figure 
4-26. Since the discharge current amplitude was the same among the four cases (90 mA), 
the initial flame kernel size was almost the same, as can be seen from the images taken at 
5 ms after the breakdown event. However, because the longer discharge duration offered a 
longer period for the flame kernel trailing the spark gap, with the assistance of the lasting 
plasma channel, a larger flame kernel was formed in the three cases with longer discharge 
durations (5.3 ms, 20 ms, and 30 ms). From the images in the 20 ms and 30 ms discharge 
duration cases, the spark gap was almost covered by the burned gas at 20 ms after the 
breakdown event. Therefore, increasing the discharge duration did not assist the flame 



























Background conditions before ignition: 2.3 bar abs., 25 ℃





Figure 4-26 Impact of discharge duration on flame kernel development under λ 1.8 and 
20 m/s 
4.3.3 Impact of discharge current amplitude on the ignition process 
In this section, combustion tests with a discharge current sweep were conducted under λ 1.8 
with 40 m/s flow velocity, to investigate the impact of discharge current amplitude on 
ignition. The discharge current amplitude was varied from 90 mA to 1400 mA using the 
boosted current module, together with the DCO strategy. The boosted current durations 
were fixed at 0.5 ms and 2 ms. The 0.5 ms case was used to decouple the impacts of 
discharge duration from the discharge current amplitude. With a boosted current duration 
shorter than 0.5 ms, it was difficult to ignite such a fuel lean mixture under 40 m/s flow 
velocity. The 2 ms case corresponded to a common discharge duration in production 
engines [48]. Three discharge current amplitudes (90 mA, 540 mA, and 1400 mA) with 
0 ms 5 ms 10 ms 15 ms 20 ms
0 ms 5 ms 10 ms 15 ms 20 ms
0 ms 5 ms 10 ms 15 ms 20 ms





Background conditions before ignition: 2.3 bar abs., 25 ℃
















0.5 ms boosted current duration were taken for analyses. The corresponding electrical 
waveforms are shown in Figure 4-27. 
 
Figure 4-27 Discharge waveforms of the selected cases with different discharge current 
amplitudes under λ 1.8 and 40 m/s (ts: 0.5 ms) 
Figure 4-28 illustrates the flame kernel initiation process under the three discharge current 
amplitudes. Similar to the phenomenon observed under the quiescent condition, in the case 
with 1400 mA discharge current, the high discharge current generated a white ball like 
spark with high luminosity at the spark gap, as shown in the image taken at 0.5 ms after 
the breakdown event. 
With the boosted current duration of 0.5 ms, the flame kernels in the three cases all left the 
spark gap at 1.8 ms after the breakdown event. However, the sizes of the flame kernels 
were quite different by then because of the differences in discharge current amplitude. At 
the detaching moment, the 1400 mA case had the largest flame kernel, while the 90 mA 
case had the smallest. Owing to the large sizes, the flame kernels in the 540 mA and 
1400 mA cases gradually developed into self-sustained flames. In contrast, the flame 
kernel in the 90 mA case was not able to generate sufficient heat from combustion to 
Background conditions: 1.7 bar abs., 25 ℃ Fuel: CH4, λ=1.8
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compensate for the heat dissipation to the surrounding gas, and was quenched at 5 ms after 
the breakdown event. 
 
Figure 4-28 Impact of discharge current amplitude on flame kernel development under 
λ 1.8 and 40 m/s 
Once the discharge duration was extended to 2 ms, the successful ignition was achieved 
for all discharge current amplitudes. For the ignited case, the durations to reach 10% and 
50% of the maximum pressure were calculated based on the chamber pressure traces, with 
the results shown in Figure 4-29. 
0 ms 0.5 ms 1.8 ms 3 ms 5 ms
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Background conditions before ignition: 1.7 bar abs., 25 ℃ Fuel: CH4, λ=1.8



























Figure 4-29 Combustion characteristics of the discharge current sweep tests under λ 1.8 
and 40 m/s 
The increase of the discharge current amplitude, from 90 mA to 1400 mA, shortened both 
𝑡10%  and 𝑡50% , indicating that a higher discharge current was beneficial for both the 
ignition and flame propagation processes. Additionally, the elevation of the discharge 
current from 90 mA to 300 mA offered a large drop in 𝑡10% and 𝑡50%. Further increases in 
discharge current amplitude had marginal impact on these two combustion characteristics. 
This might be attributed to the reduced plasma length caused by the excessive discharge 
current, in agreement with research conducted previously [79]. Another issue that might 
come with the high discharge current amplitude (up to 1400 mA) is the spark electrodes 
erosion. As suggested by Heywood [16], if the discharge current is above 100 mA, the 
discharge process tends to stay in the arc phase that may result in severe electrode erosion. 
Therefore, the discharge strategies with the enhanced current amplitude are considered 
beneficial and practical for engine cold start and warm-up processes under on-demand 
controls. 
4.3.4 Impact of discharge profile on the ignition process 
During the discharge process, the spark energy is the integration of discharge current and 
the spark gap voltage, within the discharge duration. For the same amount of spark energy, 
it can be discharged either slowly with a low current or rapidly through a high current, to 
Background conditions before ignition: 1.7 bar abs., 25 ℃





























the spark gap. The different discharge profiles affect the flame kernel formation and 
development, especially under strong flow conditions. In this section, the impact of 
different discharge profiles with the same level of spark energy on the ignition process is 
discussed. 
Figure 4-30 illustrates the discharge profiles of three selected cases conducted under λ 1.9 
and 40 m/s conditions. The spark energy was designated to 850 mJ for all three cases. In 
case I, the discharge current was 120 mA and lasted for 10 ms. In case II, the discharge 
current was increased to 700 mA with the discharge duration shortened to 5.5 ms. In 
case III, the discharge current was elevated to 2000 mA, while the duration was reduced to 
3 ms.  
 
Figure 4-30 Discharge waveforms of the selected cases with fixed spark energy under 
λ 1.9 and 40 m/s (Espark: 850 mJ) 
The flame kernel development processes of the three cases are illustrated in Figure 4-31. 
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and propagated in the flow field, with or without completing combustion. In Case I, 
although the discharge process lasted for 10 ms, the flame kernel could not generate 
sufficient heat to compensate for the heat dissipation to the surrounding gas. Without the 
assistance of a higher discharge current amplitude, the flame kernel was gradually 
quenched without completing combustion. Owing to the higher current amplitudes, the 
flame kernels in Case II and Case III were much stronger than that in Case I, so the lean 
air-fuel mixtures were successfully ignited in both cases. 
 
Figure 4-31 Impact of discharge profiles on flame kernel development under λ 1.9 and 
40 m/s (Espark: 850 mJ) 
The pressure traces of these three cases are shown in Figure 4-32 for depicting the overall 
combustion processes. Although the discharge profiles in Case II and Case III were 
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Figure 4-32 Pressure traces comparison for different discharge profiles with fixed spark 
energy under λ 1.9 and 40 m/s (Espark: 850 mJ) 
In order to further study the impact of the discharge profiles on the flame propagation 
process, a similar set of combustion tests were conducted for λ 1.8, with the same flow 
velocity of 40 m/s, which represented the conditions slightly easier to ignite. To facilitate 
the analyses and discussions, three cases (Case IV, Case V, and Case VI) were selected, all 
with a designated discharge energy of 900 mJ. The discharge profiles of each case are 
presented in Figure 4-33. Case IV had the lowest discharge current level (90 mA), but with 
the longest duration (10 ms). By contrast, Case VI had the highest discharge current level 
(800 mA) but only lasted for 1 ms. Case V had the modest discharge current amplitude 
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Figure 4-33 Discharge waveforms of the selected cases with fixed spark energy under 
λ 1.8 and 40 m/s (Espark: 900 mJ) 
The flame development processes of the three cases are illustrated in Figure 4-34. In 
Case IV, flame kernels were formed after the breakdown event, and attached to the spark 
gap for more than 10 ms. Within this long discharge duration of 10 ms, the flame front 
rotated with the swirl flow motion. New flame kernels were continuously formed in the 
vicinity of the spark gap and augmented into a larger size. Some of the flame kernels were 
pushed likely by the centrifugal force of the cold unburned mixtures into the central region 
of the flow field and developed bigger. The flame grew self-sustained at 
approximately15 ms after the breakdown event.  
In Case V, flame kernels were also formed at the spark gap after the breakdown event. 
Owing to the comparatively high discharge current amplitude, the flame kernels at the 
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Background conditions before ignition: 1.7 bar abs., 25 ℃





Figure 4-34 Impact of discharge profiles on flame kernel development under λ 1.8 and 
40 m/s (Espark: 900 mJ) 
In Case VI, the flame kernels detached from the spark gap at 3 ms after the breakdown 
event. After the detachment, the flame kernels moved with the flow motion. A portion of 
flame kernels entered into the central region of the flow field with weaker air motion and 
gradually grew larger. The flame eventually developed self-sustained at 15 ms after the 
breakdown event. 
The pressure traces of the selected cases are plotted in Figure 4-35. As can be observed, 
neither Case IV, with the longest discharge duration, nor Case VI, with the highest 
discharge current amplitude resulted in the fastest burning among the three. Instead, 
Case V, which had a moderate discharge current amplitude and a medium duration that led 
to the fastest burning. Thereby, this indicated that a rapid combustion process with lean 
mixture under intensified flow conditions required both a sufficient discharge duration and 
discharge current amplitude. The adequately long lasting of the hot plasma channel was 
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successively in a sufficient quantity; the adequately high amplitude of the plasma current 
was required to form flame kernels with sufficient size and strength.  
 
Figure 4-35 Pressure traces comparison for different discharge profiles at fixed spark 
energy under λ 1.8 and 40 m/s (Espark: 900 mJ) 
4.3.5 Impact of discharge profile on the ignition capability 
Under the excess air ratio of λ 1.9, the ultra-lean mixture, together with the 40 m/s flow 
velocity, imposed extreme challenges on the ignition and flame propagation processes. 
Thereby, only effective discharge strategies can ignite the combustible mixture 
successfully. In order to investigate the ignition capability of different discharge strategies, 
experiments were made with a discharge current sweep from 90 mA to 1300 mA. For each 
discharge current amplitude, the discharge duration was progressively increased from 
0.5 ms until ignition succeeded. For every discharge strategy applied, the test for ignition 
effectiveness was repeated 5 times. The percentage of the successful ignition cases was 
then calculated to represent the ignition capability of each discharge strategy, for igniting 
such an ultra-lean mixture.  
Figure 4-36 illustrates the shadowgraph images of a misfired case, as an example. In this 
case, the discharge current was 90 mA, and the discharge duration was set to 10 ms, as 
shown in Figure 4-37. After the breakdown event, flame kernels were formed at the spark 
gap, and subsequently rotated with the gas flow. However, the heat generated from the 
combustion of the lean mixture was insufficient to compensate for the heat dissipation to 
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misfired. Even with 700 mJ spark energy delivered to the spark gap, the flame kernels still 
disappeared at 20 ms after the breakdown event.   
 
Figure 4-36 Misfire case under λ 1.9 and 40 m/s (Is: 90 mA and ts: 10 ms) 
 
Figure 4-37 Discharge waveforms of the misfired case under λ 1.9 and 40 m/s  
However, with the discharge current kept at 90 mA, further extension in discharge duration 
can enhance the ignition effectiveness. For example, when the discharge duration was 
extended from 10 ms to 20 ms, the probability to ignite this fuel lean and high flow mixture 
increased to 50%, upon repeated tests. Figure 4-38 illustrates a successful ignition case and 
Background conditions before ignition: 1.7 bar abs. 25 ℃
Discharge profile: Is: 90 mA, ts: 10 ms, Espark: 700 mJ Fuel: CH4, λ=1.9 Flow: 40 m/s
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a misfired case both with the same discharge profile (90 mA discharge current and 20 ms 
discharge duration). The corresponding discharge waveforms are shown in Figure 4-39. 
 
Figure 4-38 Misfired case and ignited case under λ 1.9 and 40 m/s (Is: 90 mA and 
ts: 20 ms) 
 
Figure 4-39 Discharge waveforms of the misfired and ignited cases under λ 1.9 and 
40 m/s 
0 ms 5 ms 10 ms 20 ms 25 ms





Background conditions before ignition: 1.7 bar abs., 25 ℃



































































































































Background conditions before ignition: 1.7 bar abs., 25 ℃ Fuel: CH4, λ=1.9




Within the 20 ms discharge duration, flame kernels in both cases were continuously formed 
at the spark gap. In the meantime, the flame fronts rotated with the global swirl flow. In 
the case of successful ignition, some flame kernels were pushed into the central region of 
the flow field, likely in a stochastic manner, where the turbulence intensity was not as 
strong as in the peripheral regions. These kernels gradually developed bigger, with less 
heat loss to the surroundings. At the moment when the discharge process was finished, the 
developed flame kernels were self-sustained. In the misfired case, although flame kernels 
were also continuously trailing the spark gap within the discharge duration, none of them 
found any favorable spots to grow. The slow flame propagation opposed to the strong 
turbulence in the peripheral region,  and dissipated most of the reaction heat of combustion. 
The flame kernels were eventually quenched at 25 ms after the breakdown event. 
From the above discussions, a long discharge duration allowed to generate flame kernels 
successively trailing the spark gap. With the continuously generated flame kernels, there 
was a higher possibility for these kernels to match favorable mixture pockets to grow. To 
some extent, this helped to suppress the impacts of the flow field variations on the ignition 
process. 
Apart from extending the discharge duration, the increase in the discharge current 
amplitude also helped to enhance the ignition capability of the plasma channel. When the 
discharge current was boosted from 90 mA to 280 mA, the ignition successful rate 
increased to 67% with 10 ms discharge duration, upon repeated tests, an example of which 
was shown in Figure 4-40. The corresponding discharge waveforms are plotted in Figure 
4-41. 
 
Figure 4-40 Flame development under λ 1.9 and 40 m/s (Is: 280 mA and ts: 10 ms) 
Background conditions before ignition: 1.7 bar abs., 25 ℃
Discharge profile: Is: 280 mA, ts: 10 ms, Espark: 1000 mJ Fuel: CH4, λ=1.9 Flow: 40 m/s





Figure 4-41 Discharge waveforms of the ignited cases under λ 1.9 and 40 m/s (Is: 280 mA 
and ts: 10 ms) 
The impact of different discharge profiles on the ignition capability of the plasma channel 
is illustrated in Figure 4-42. Even though adequate current amplitude and discharge 
duration are both important to succeed ignition, for the ultra-lean and high flow mixture, 
the required discharge duration decreased with an increase in the discharge current 
amplitude. When the discharge current was 90 mA, a discharge duration of 20 to 30 ms 
was required to succeed igniting the mixture; while only 5 ms discharge duration was 
needed for the successful ignition when the discharge current was boosted to 1300 mA.  
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With a stronger yet still very lean air-fuel mixture, for instance, with λ=1.8, the successful 
ignition was much easier. As shown in Figure 4-43, the required discharge duration 
shortened to 5 ms, for igniting the mixture with a discharge current of 90 mA. 
 
Figure 4-43 Impact of discharge duration on the ignition capability under λ 1.8 and 
40 m/s 
4. 4 Summary 
In this chapter, mechanism studies were carried out in the constant volume combustion 
chamber research platform. The impacts of the discharge current amplitude and discharge 
duration on the ignition process under both quiescent and flow conditions were studied 
systematically. A correlation between the discharge current profiles and the flame kernel 
development prospects was established under various background conditions. From the 
experimental results presented in the above sections, it can be concluded that: 
1. Under quiescent conditions, both discharge current amplitude and discharge duration 
had minimal impact on the ignition process. 
2. Under global swirl flow conditions, both discharge current amplitude and discharge 
duration played vital roles in the early flame kernel development. A long discharge 
duration allowed the continuous generation of new flame kernels trailing the spark gap. 
With more flame kernels, there was a higher chance for the flame kernels to find a 
favorable pocket to grow, such as to be pushed to swirl center to grow into 
self-sustained flames. However, once the spark gap was fully covered by the burned 























Background conditions before ignition: 1.7 bar abs., 25 ℃




3. Under flow conditions, a high discharge current amplitude contributed to a larger flame 
kernel of stronger strength, which were beneficial for the flame kernel to develop. 
When the discharge current was elevated from 90 mA to 300 mA, the early combustion 
was accelerated the most. However, the benefits were gradually diminished with further 
increase in the discharge current amplitude. 
4. With extremely lean mixtures under strong flow conditions, when delivering a fixed 
amount of discharge energy, a rapid combustion process required both an adequate 
discharge duration for the hot plasma channel to interact with the combustible gas, and 





CHAPTER V   
5 MULTI-EVENT SPARK DISCHARGE STRATEGY 
Based on the findings of Chapter 4 that the timeline of spark energy release has 
fundamental impacts on succeeding a flame kernel, this chapter demonstrates a multi-event 
spark discharge strategy that can generate discharge profiles with extended discharge 
durations.  
5.1 Introduction 
As discussed in Chapter 4, one effective way to secure a flame kernel under extensively 
lean or strong flow conditions is to extend the duration of glow phase discharge that 
includes the transitional arc periods. A number of ways have been proposed in the literature 
to prolong the discharge duration using TCI systems [45-48, 67-81]. Among the leading 
contenders, the multi-event spark discharge strategy has drawn enormous attention, owing 
to the minimal hardware modifications to the existing engine designs.  
In a conventional single-event, single-discharge strategy, the ignition coil is only energized 
once for each ignition process. Post breakdown, the electrical waveform of the discharge 
current during the glow phase is typically in a triangle shape. In stark contrast, the 
multi-event spark discharge strategy refers to charging the ignition coils multiple times 
during one ignition process. Based on the setup of the ignition coils, the multi-event spark 
discharge strategies typically include two working modes, i.e. a mode of repetitive 
discharge and a mode of offset discharge. The control commands and the corresponding 
discharge current profiles for a single discharge, a repetitive discharge, and an offset 
discharge are illustrated in Figure 5-1. The ignition coils in either the repetitive discharge 
or the offset discharge mode are charged multiple times under a specific frequency. By 
increasing the pulse numbers of the charging events, the overall discharge duration can be 





Figure 5-1 Control commands and discharge current profiles of single-event and 
multi-event spark discharge strategies 
In this chapter, the operating principles of the multi-event spark discharge strategies are 
studied and characterized with electrical measurement and optical diagnosis. Special 
attention is paid to the offset discharge strategy, because of the broad controllability.  
5.2 Operating principle of multi-event spark discharge strategies 
In this section, the operating principles of a single-coil repetitive discharge strategy and a 
dual-coil offset discharge strategy were explained by analyzing the electrical waveforms 






























































































5.2.1 Single-coil repetitive discharge strategy 
In the repetitive discharge strategy, the same ignition coil is charged multiple times under 
a specific frequency. Figure 5-2 illustrates the double-event discharge (Figure 5-2a) and 
the multi-event discharge (Figure 5-2b) of such a single-coil ignition system. In both cases, 
the ignition coil worked under 1 kHz frequency with a duty cycle of 50%, while the 
charging voltage was 14 V. Each working cycle contained a charging event and a 
discharging event. For the double-event discharge case shown in Figure 5-2a, the ignition 
coil was either charged or discharged for 0.5 ms in each event. However, the first 
discharging event was interrupted, even not fully completed yet, once the subsequent 
charging event started. Due to the possible early curtail of the discharging process, the 
electric field energy stored during the first charging event may not be fully released to the 
spark gap. A certain amount of energy was left in the ignition coil. The residual energy 
could be released in the subsequent discharging events.  
Similarly, in the multi-event discharge case shown in Figure 5-2b, the electric field energy 
stored during each charging event may not be fully released within the 0.5 ms discharging 
event. Due to the residual energy accumulated in the ignition coil, the starting value of the 
charging current in each cycle gradually rose. It appeared that a part of the accumulated 
residual energy was released to the spark gap in the follow up discharging events, which 






                                a. double-event discharge                                 b. multi-event discharge 
Figure 5-2 Electrical waveforms of the single-coil repetitive discharge strategy under 
quiescent conditions 
In the repetitive discharge strategy, each discharging event was initiated with a breakdown 
event, because the discharge process was interrupted every cycle by a subsequent charging 
event. It should be noted that, for the same coil pack, the charging of the primary coil may 
not occur concurrently with the discharging of the secondary coil. Figure 5-3 illustrates the 
discharge voltage waveforms of the repetitive discharge strategy at three charging 
frequencies. The waveforms were taken under 1 bar absolute pressure and 25 ℃. With 
500 Hz charging frequency, the ignition coil was charged every 1 ms, followed by 1 ms of 
discharge. Therefore, the interval between two consecutive breakdown events was 2 ms. 
As a result, the breakdown voltage of each cycle was approximately 8 kV. When the 





































































































































































































breakdown events was shortened to 0.5 ms. Although the first breakdown voltage was still 
8 kV, the breakdown voltage in the subsequent cycles was reduced to 2~6 kV. When the 
charging frequency was further increased to 10 kHz, the average breakdown voltage of the 
subsequent cycles was reduced to approximately 2 kV.          
 
Figure 5-3 Impact of working frequency on breakdown voltage of repetitive discharge 
under quiescent conditions 
The breakdown voltage in the first six cycles of the repetitive discharge strategy with a 
charging frequency ranging from 500 Hz to 20 kHz is summarized in Figure 5-4. Although 
the breakdown voltage in the first cycle was irrelevant to the charging frequency, the 
subsequent re-breakdown voltage of the follow-up cycles reduced significantly with the 
increased frequency. This suggested that the breakdown and arc of a present cycle had 


















































































Figure 5-4 Breakdown voltage in the first 6 cycles of the repetitive discharge strategy 
under quiescent conditions 
5.2.2 Multi-coil offset discharge strategy 
Apart from the single-coil repetitive discharge, another way to prolong the discharge 
duration is by connecting multiple coil packs to one spark plug. Thereby, the ignition coils 
can be controlled to charge multiple times either simultaneously (repetitive discharge) or 
alternately (offset discharge). Figure 5-5 demonstrates the double-event discharge (Figure 
5-5a) and the multi-event discharge (Figure 5-5b) of a dual-coil ignition system under 
quiescent conditions, when the pairing coil packs provided energy to the spark plug 
alternately, on equal pace, without interruption. In both cases, the two identical coil packs 
were charged under 1 kHz frequency, with a charging voltage of 14 V. During each cycle, 
both coil packs were either charged or discharged for 0.5 ms. The interval between the 
charging events of the two coil packs was defined as the offset, which was 0.5 ms in this 
case. Since the two coil packs were working alternately, the plasma channel generated from 
the discharging event of Coil 1 could be maintained during the discharging event of Coil 
2, instead of being interrupted by the subsequent charging events, and vice versa. In this 
way, a continuous plasma channel was established across the spark gap, and only one 














































          a. double-event discharge                                    b. multi-event discharge 
Figure 5-5 Electrical waveforms of dual-coil offset discharge strategy under quiescent 
conditions 
Similar to the repetitive discharge, the stored electric field energy in each charging event 
of the offset discharge strategy could not be released completely to the spark gap within 
the 0.5 ms discharging event. Consequently, a portion of the electric field energy of the 
first coil pack was still existing, when the second coil pack started to charge and discharge. 
Because the energy flows of both coil packs followed the same directions, the charging and 
discharge currents of both coil packs demonstrated ascending profiles, when both coil 



















































































































































































































5.3 Comparison of single-event and multi-event spark discharge strategies 
A comparison study was made among one single-event and two multi-event spark 
discharge strategies, as illustrated in Figure 5-6. In all three cases, Coil A packs were used 
for the comparisons, and the charging voltage was set to 14 V. 
For the single-event discharge strategy, the ignition coil was charged for 4 ms to reach its 
saturation condition that produced a peak discharge current of 120 mA and a discharge 
duration of 2 ms for the glow phase discharge. For the repetitive discharge and offset 
discharge strategies, the ignition coils were charged under 1 kHz frequency. The peak 
discharge current in each of the two multi-event strategies was lowered to 40 mA, by the 
shortened charging event of each cycle; however, the overall discharge duration was 
extended to 5 ms in either case.  
 
               a. Discharge current                             b. Discharge voltage 
Figure 5-6 Comparison between single-event and multi-event spark discharge strategies 































































































































4 ms charging duration
1 kHz charging frequency
1 kHz charging frequency
Ignition coil: Coil A Charging voltage: 14 V DC
Primary inductance: 1.2 mH Gas media: air, quiescent conditions
Secondary inductance: 12.2 H Background conditions: 1 bar abs., 25 ℃
Single-coil single discharge
Dual-coil offset dischargeDual-coil offset discharge





Based on the acquired electrical waveforms, the energy consumed by the ignition system 
𝐸𝑝 , the electrical energy transferred to the secondary coil 𝐸𝑐𝑜𝑖𝑙−𝑜𝑢𝑡 , and the energy 
delivered to the spark gap 𝐸𝑠𝑝𝑎𝑟𝑘  were calculated, respectively, along with the 
corresponding energy transfer efficiencies 𝜂_𝑐𝑜𝑖𝑙−𝑜𝑢𝑡 and 𝜂_𝑔𝑎𝑝. The results are shown in 
Figure 5-7. Detailed calculation methods can be found in Appendix A. 
In the single-coil single-discharge strategy, only 50 mJ electrical energy was transferred 
from the primary coil to the secondary coil, and 25 mJ energy was delivered to the spark 
gap when the ignition coil was charged to saturation, while more than 250 mJ electrical 
energy was consumed by the ignition system. Therefore, over 80% of electrical energy was 
dissipated as resistive heat in the ignition system.  
By contrast, the single-coil repetitive discharge and dual-coil offset discharge strategies 
could deliver the same or higher amount of energy to the spark gap, with much lower 
energy consumption by the ignition systems. Therefore, the two multi-event discharge 
strategies had higher energy transfer efficiency than the single-event discharge strategy: 
approximately 45% efficiency from the power supply to the secondary coil, or 35% 
efficiency from the power supply to the spark gap. 
 
Figure 5-7 Impact of discharge strategies on energy transfer efficiency 
5.4 Prolongation of the first charging event 
The frequency of either the repetitive discharge or the offset discharge strategy is an 










































Ep Ecoil-out Egap η_coil out η_gap
Coil A, air, 1 bar abs., 25℃, quiescent;
14 V DC charging voltage ;
▪ Single-coil single discharge: 4 ms charging;
▪ Single-coil repetitive discharge: 1 kHz;
▪ Dual-coil offset discharge: 1 kHz;




increase in the working frequency imposes severe challenges on the successful breakdown 
events, since every charging event of either of the two strategies is significantly shorter 
than that of the single-event discharge strategy. For instance, in the offset discharge 
strategy, when the working frequency of the ignition coil was increased from 500 Hz to 
5 kHz, each charging event was shortened from 1 ms to 0.1 ms. The 0.1 ms charging event 
could not store sufficient energy to the primary winding to initiate a breakdown event, as 
shown in Figure 5-8. 
 
Figure 5-8 Impact of working frequency on the offset discharge strategy 
 In order to secure the breakdown events, the first charging event of either the repetitive or 
the offset discharge strategy was usually singled out and prolonged. Under 5 kHz charging 
frequency, when the first charging event of the offset discharge strategy was prolonged 







































































































































































































































































Figure 5-9 Dual-coil offset strategy with the prolonged first charging event 
5.5 Characterization of multi-event spark discharge strategies 
In this section, the multi-event spark discharge strategies were applied under elevated 
pressure and intensified flow velocity conditions, for further characterization. The impact 
of the background conditions on the effectiveness of either the repetitive discharge or the 
offset discharge strategy was discussed. 
5.5.1 Impact of elevated background pressure 
In practical engine operations, the in-cylinder pressure at the spark timing is generally an 
order of magnitude higher than the ambient pressure, especially with turbocharging or 
supercharging technologies [52,53]. The elevated pressure increases the gas density within 
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In the repetitive discharge strategy, the practical working frequency of the ignition coil is 
significantly constrained, since every repeating discharging event requires reproducing a 
breakdown event, to re-establish a plasma channel. The contradiction between the required 
breakdown voltage and the working frequency of the ignition coil becomes more severe 
under pressurized conditions. Figure 5-10 illustrates the discharge waveforms of the 
single-coil repetitive discharge under two background pressure conditions. In this case, 
Coil A was charged under 1 kHz frequency with the first charging event prolonged to 1 ms. 
The charging voltage was 14 V. N2 was used as the background media. With the 
background pressure increased from 1 bar to 10 bar, the required breakdown voltage 
increased from 6 kV to 14 kV, observed from the zoomed-in view in Figure 5-10. Under 
10 bar background pressure, no successful breakdown was generated after the first 
breakdown event. Since the attainable peak discharge voltage of the ignition coil was 
highly dependent on the charging duration and charging voltage, a higher charging voltage 
would be required for the repetitive discharge strategy to secure the breakdown events 
under pressurized conditions, when adapting to a higher charging frequency.  
 
Figure 5-10 Impact of background pressure on single-coil repetitive discharge strategy 
under quiescent conditions 
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Ignition coil setup Coil A
Charging voltage 14 V DC
Charging frequency 1 kHz
Gas media N2, quiescent






























Owing to the alternating working mode of the ignition coils, the offset discharge strategy 
only requires one breakdown event to initiate the plasma channel, provided that the plasma 
channel is sustained. Therefore, the increased background pressure does not impose as 
much challenge on the breakdown voltage of the offset discharge, as it does for the 
repetitive discharge. As shown in Figure 5-11, when Coil A was charged under 500 Hz 
frequency and 14 V DC power supply in the offset strategy mode, the discharge process 
succeeded when the background pressure was elevated from 1 bar to 20 bar.  
Although a breakdown event was successfully generated by the offset strategy under all 
three pressure conditions, the discharge process under each pressure behaved quite 
differently. From the zoomed-in view of the discharge current waveforms in Figure 5-11, 
with the elevated background pressure, the peak discharge current reduced, and each 
discharging event became shorter. Under 20 bar background pressure, the actual 
discharging event only lasted for 0.6 ms, in comparison with the 1 ms discharging event 
under 1 bar background pressure. 
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Ignition coil setup Coil A
Charging voltage 14 V DC
Charging frequency 500 Hz
Gas media N2, quiescent








The shortened discharging event observed in the offset strategy under the pressurized 
conditions can be explained by assuming the secondary circuit of the ignition system to be 
a resistor-inductor (RL) series circuit, as shown in Figure 5-12. The inductive time constant 
of the discharge process (τ) in an RL circuit is governed by the ratio of the inductance to 
the resistance of the circuit [98], as shown in equation 5-1.  
𝜏 =
𝐿𝑠
𝑅𝑠 + 𝑅𝑝𝑙𝑢𝑔 + 𝑅𝑔𝑎𝑝
 [ms] (5-1) 
Where 𝐿𝑠 and 𝑅𝑠 are the inductance and resistance of the secondary winding, respectively; 
𝑅𝑝𝑙𝑢𝑔  is the embedded internal resistance of the spark plug; 𝑅𝑔𝑎𝑝  is the equivalent 
resistance of the spark plasma channel, which is calculated from the ratio of the spark gap 




 [kΩ] (5-2) 
 
Figure 5-12 Explanatory secondary circuit of the TCI system 
The elevated gas density raised the difficulty to ionize the gas media within the spark gap, 
which equivalently increased the spark gap resistance (𝑅𝑔𝑎𝑝). Consequently, the total 
resistance in the secondary circuit increased, as can be observed in Figure 5-13. The 
increased secondary resistance lowered the inductive time constant, so that the actual 
discharging event was fundamentally quicker.  
Ls: Inductance of the secondary winding in H
Rs: Resistance of the secondary winding in kΩ
Rplug: Embedded resistance of the spark plug in kΩ









Figure 5-13 Impact of background pressure on the total secondary resistance of the offset 
discharge strategy 
In summary, the elevated background pressure imposed challenges on the initiation of the 
breakdown event for the repetitive discharge strategy, which hindered the adaption to a 
higher working frequency. For the offset discharge strategy, the elevated background 
pressure caused an increase in the spark gap resistance, tending to produce a shortened 
discharging event of each cycle. 
5.5.2 Impact of gas flow velocity 
Under flow conditions, the gas flow across the spark gap can stretch the plasma channel, 
which also affects the discharge process. Figure 5-14 and Figure 5-15 illustrate the 
discharge processes of a dual-coil offset discharge strategy under the quiescent and 25 m/s 
cross-flow conditions, respectively. In both cases, Coil A was charged under 1 kHz 
frequency, with the first charging event prolonged to 0.8 ms. The charging voltage was 
14 V, and the background pressure of these experiments was set to 4 bar absolute. N2 was 
used as the gas media. As can be seen from Figure 5-14, the plasma channel was well-
maintained in connectivity across the spark gap for 6 ms under such quiescent condition. 
1 bar 5 bar
10 bar 20 bar
▪ Dual-coil offset discharge, DC 14 V
▪ Coil A, 500 Hz charging frequency

























Figure 5-14 Discharge waveforms and plasma channel of the offset discharge strategy 
under quiescent condition 
When the 25 m/s cross-flow was applied, the flowing gas stretched the plasma out of the 
spark gap, as shown in the second image in Figure 5-15 that was taken at 0.25 ms after the 
first breakdown event. The stretch resulted in a longer plasma channel, which also 
increased the spark gap resistance, leading to a reduction in the time constant of inductive 
discharge. Therefore, the discharge current decayed quicker to zero than under quiescent 
condition. The discharge current in the first discharging event dropped to zero before the 
second discharging event started, causing discontinuity in the discharge process. 
Consequently, the voltage build-up caused a new breakdown event at 0.5 ms after the first 
breakdown, which re-established a plasma channel. However, this plasma channel 
disappeared at 0.8 ms. After that, even though breakdown events happened in the 
subsequent cycles, the plasma channel could not be sustained, since the charged electrical 
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Figure 5-15 Impact of cross-flow on the offset discharge strategy (25 m/s) 
Since the cross-flow tailing of the spark gap causes an increase in plasma length and spark 
gap resistance, which shortens the actual discharging event, the ignition coils in the offset 
discharge strategy needs to be charged and discharge at a higher frequency to maintain the 
continuity of the discharge process. Nevertheless, the increase in the working frequency 
tends to lower the discharge current amplitude, due to the shortened charging event in each 
cycle. The literature has revealed that without an adequate discharge current, the plasma 
channel is prone to frequent restrike, or even blow-off, especially under high flow 
conditions [45-48]. Once the plasma channel is blown off by the flowing gas, successfully 
generating breakdown events would become a challenge for the offset discharge strategy. 
Thereby, a higher charging voltage, together with a higher working frequency, would be 
required to address the dilemma that the offset discharge strategy faces under flow 
conditions.   
Figure 5-16 illustrates the discharge process of the dual-coil offset strategy with Coil A 
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The first charging event was also prolonged to 0.8 ms to secure the initial breakdown event. 
As compared with the unsuccessful discharge process shown in Figure 5-15, with the 
increased frequency and charging voltage, the plasma channel was sustained throughout a 
commanded discharge time window of 2.4 ms. Short-circuit phenomenon was observed 
during the discharge process, which resulted in a shorter plasma length.  
 
Figure 5-16 Impact of working frequency and charging voltage on the offset discharge 
strategy (Coil A, 24 V DC, and 5 kHz) 
The use of ignition coils with smaller inductances in the offset discharge strategy can 
further increase the discharge current amplitude. Figure 5-17 illustrates the discharge 
process of the offset discharge strategy with the same frequency (5 kHz) and charging 
voltage (24 V) under 25 m/s flow velocity, but using a pair of Coil B with significantly 
reduced inductances (Lp: 0.1 mH and Ls: 1.9 H), as compared to Coil A which had a 
primary inductance of 1.2 mH and a secondary inductance of 12.2 H. The first charging 
event of Coil B was prolonged to 0.2 ms to secure the initial breakdown event. With smaller 
inductances, the average discharge current amplitude in Coil B case was increased to 150 
mA, in comparison with an average discharge current of lower than 100 mA in the case 
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Coil B case was stretched much longer than that in the case with Coil A, even though 
short-circuit phenomenon was still observed during the discharge process. 
 
Figure 5-17 Impact of coil inductance on offset discharge strategy (Coil B, 24 V DC, and 
5 kHz) 
5.6 Summary 
A study on the multi-event spark discharge strategies was presented in this chapter. The 
operating principles of the single-coil repetitive discharge and dual-coil offset discharge 
strategies were explained using the acquired electrical waveforms of the discharge events. 
From the experimental results, it is concluded that: 
1. With the same charging voltage and same ignition coil, the single-coil repetitive 
discharge and dual-coil offset discharge strategies could deliver more electrical energy 
to the spark gap through the increased numbers of charging events, as compared with 
the single-event discharge strategy. 
2. With elevated background pressure and intensified flow field, the surge in the spark 















































Coil B(Lp: 0.1 mH, Ls: 1.9 H) Charging frequency: 5 kHz Flow velocity: 25 m/s




cause the actual discharging event shorter than the set value. To maintain a continuous 
discharge process, the offset discharge strategy preferred a high working frequency, an 





CHAPTER VI   
6 EFFECT OF SPARK DISCHARGE DURATION ON LEAN COMBUSTION 
ENGINE 
In this chapter, empirical studies are extended to a single-cylinder research engine 
platform, with the multi-coil continuous discharge strategy. Long spark discharge durations 
are deployed to investigate the impact of discharge duration on lean combustion. 
6.1 Introduction 
Based on the operational parameters identified in Chapter 5, a multi-coil ignition system 
was devised to realize a continuous discharge process, to prolong the discharge duration, 
as shown in Figure 6-1. 
 
Figure 6-1 Schematic of the multi-coil ignition system 
The multi-coil continuous discharge (MCD) strategy was deployed to study the impact of 
discharge duration on the early stage of combustion in the single-cylinder research engine. 
The discharge duration of the MCD strategy was adjusted by modulating the numbers of 
the charging events while keeping the average discharge current level consistent. By doing 




this, the impact of discharge duration on combustion was decoupled from the impact of 
discharge current amplitude. In contrast, the increase in discharge duration of a 
conventional TCI system was usually limited by the feasible increase in primary voltage 
or charging duration, which was always accompanied by an increase in the discharge 
current amplitude. Additionally, the MCD strategy provided the freedom to extend the 
discharge duration, while the maximum discharge duration of a TCI system was confined 
by the saturation of the ignition coil on a fixed charging voltage.  
The MCD strategy was realized by charging and discharging two identical ignition coil 
packs alternately. As discussed in Chapter 5, a high working frequency, and an elevated 
charging voltage, with fast-response coils were required to maintain a continuous discharge 
process under intensified gas flow velocity. Therefore, a pair of specially designed coil 
packs with a primary inductance of 0.1 mH and a secondary inductance of 1.9 H were used 
for the MCD strategy. The charging voltage of the coil packs was raised to 24 V, and the 
working frequency was set to 3.94 kHz, i.e. 127 μs for either a charging or discharging 
event. 
In the first charging event, Coil pack 1 and Coil pack 2 were both charged for 200 μs, while 
staged with an offset of 127 μs, which was designed to secure the initial breakdown event. 
The pulse train of the MCD strategy is demonstrated in Figure 6-2. 
 
Figure 6-2 Pulse train of the MCD strategy 
The baseline engine tests were conducted with a total discharge duration of 2 ms, which 
represented a typical discharge duration in production engines [48]. The discharge duration 




































was then progressively prolonged to 7 ms by increasing the numbers of the charging events.  
Figure 6-3 illustrates the charging and discharge current waveforms of the MCD strategy 
with four discharge durations.  
 
Figure 6-3 Charging and discharge current waveforms of the MCD strategy 
The energy consumption of the MCD ignition system and the energy delivered to the spark 
gap are presented in Figure 6-4. An increase in the discharge duration could deliver more 
energy to the spark gap, but also led to a higher energy consumption of the ignition system. 
With 2 ms discharge duration, each spark event delivered 30 mJ energy to the spark gap, 
with a system energy consumption of 1.2 J, corresponding to an average power 
consumption of 13 W per cylinder under an engine speed of 1300 RPM. When the 
discharge duration was prolonged to 7 ms, each spark event delivered 100 mJ energy to the 
spark gap. The energy consumption of the ignition system was increased to 4.8 J, 
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Figure 6-4 Spark energy and power consumption of the MCD strategy 
The engine was operated under an engine load of 3 bar IMEP and an engine speed of 
1300 RPM. The engine load was benchmarked under stoichiometric condition with 2 ms 
discharge duration first. The air-fuel mixture was then diluted by allowing more fresh air 
into the cylinder under the same mass flow rate of fuel. The excess air ratio (𝜆) was 













 [-] (6-1) 
For each data point, pressure traces of 200 consecutive engine cycles were recorded. The 
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Table 6-1 Engine test conditions 
Engine type Single-cylinder research engine, liquid-cooled 
Displacement volume 0.857 L 
Compression ratio 9.2:1 
Engine speed 1300 RPM 
Engine load 3 bar IMEP 
Fuel Pump-octane #87 gasoline 
Port fuel injection pressure 4 bar gauge 
Coolant temperature 80 ℃ 
Ignition strategy 
Continuous discharge 
Discharge duration: 2~7 ms 
Discharge current amplitude: ~180 mA 
 
The heat release analysis based on the cylinder pressure measurements was used to 
characterize the combustion process. The apparent heat release rate (AHRR) during the 
period from intake valve closure (IVC) to exhaust valve opening (EVO) on a crank angle 
base was calculated according to equation 6-2, with the following assumptions [99,100]. 











] [J/°CA] (6-2) 
Where 𝑝 was the in-cylinder pressure, and 𝑉 was the cylinder volume. In this study, the 
specific heat ratio 𝛾, was selected as 1.37 for the apparent heat release analyses. 
Assumptions [99,100]: 
• The cylinder charge was treated as a single zone. The thermodynamic properties 
and gas composition throughout the combustion chamber were uniform. 
• The heat release process was based on the averaged properties in the single zone. 
• The gas mixture followed the ideal gas law. 
• The charge-to-wall heat transfer, the crevice volume, and piston blow-by were 




The cumulative apparent heat release was obtained by integrating the AHRR over the 
combustion period. The crank angles for 10% apparent heat release (CA10), 50% apparent 
heat release (CA50), and 90% apparent heat release (CA90) were then identified. The 
CA50 represented the combustion phasing. In this study, the crank angle duration between 
CA10 and CA90 was used to represent the combustion duration (CD), and the crank angle 
duration between the spark timing and CA10 was considered as the ignition delay (ID). 
Figure 6-5 illustrates an explanatory case for the normalized cumulative heat release, to 
indicate the identified combustion parameters. 
 
Figure 6-5 Normalized cumulative heat release 
The use of a constant specific heat ratio and neglecting the cylinder charge-to-wall heat 
transfer could lead to errors in the estimation of heat release rate [100,101]. However, since 
the AHRR in this study was used to analyze the combustion processes with different 
discharge durations, and the comparisons were made mainly among tests conducted under 
the same engine load and excess air ratio, the identified parameters based on AHRR, such 
as ignition delay and combustion duration, could represent the ignition and flame 
propagation processes of the investigated ignition strategies. 
The combustion stability was represented by COV IMEP, which was calculated from the 













































Where 𝐼𝑀𝐸𝑃𝑠𝑡𝑑  and 𝐼𝑀𝐸𝑃𝑚𝑒𝑎𝑛  referred to the standard deviation and mean value of 
IMEP, respectively, over 200 consecutive engine cycles. 
6.2 Impact of discharge duration on combustion characteristics 
The baseline engine tests were conducted under an engine load of 3 bar IMEP, with the 
discharge duration of 2 ms, via the MCD ignition strategy (The combustion characteristics 
of the baseline engine tests were summarized in appendix B). 
The investigation of the impact of discharge duration on combustion characteristics was 
then carried out with two sets of experiments. The first set of experiments were conducted 
with a discharge duration sweep from 2 ms to 7 ms at a fixed spark timing. The second set 
of experiments were performed with four selected discharge durations at varied spark 
timing, to compare the performance of each discharge duration strategy during engine 
operation.    
6.2.1 Discharge duration sweep tests at a fixed spark timing 
The discharge duration sweep tests were conducted under the engine load of 3 bar IMEP, 
with the excess air ratio of λ=1.4. Through the MCD ignition strategy, the discharge 
duration was progressively prolonged from 2 ms to 7 ms with an increment of 0.5 ms. For 
each discharge duration, the spark timing was fixed at 282 °CA, which was found to be the 
spark advance limit for the 2 ms discharge duration (COV IMEP 65%). The averaged 
200-cycle pressure traces for the discharge durations of 2 ms, 3 ms, 5 ms, and 7 ms, 
together with the discharge strategy commands, are presented in Figure 6-6. The AHRR 






Figure 6-6 Impact of the discharge duration on the in-cylinder pressure and heat release 
(spark timing: 282 °CA) 
Under the engine speed of 1300 RPM, the plasma channel in the case of 2 ms discharge 
duration lasted for 16 °CA. Thereby, at the spark timing of 282 °CA, the discharge process 
ended at 298 °CA. When the discharge duration was prolonged to 7 ms, the spark plasma 
lasted for 56 °CA and the discharge process finished at 338 °CA. These two scenarios led 
to different engine performances in terms of combustion stability and combustion phasing. 
The impact of discharge duration on the combustion characteristics at this spark timing is 
illustrated in Figure 6-7. The discharge duration in the X-axis is plotted in both time domain 
and crank-angle domain. The third X-axis at the bottom of the figure is the crank angle 
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Figure 6-7 Impact of discharge duration on the combustion characteristics (spark timing: 
282 °CA) 
Sharp reductions in COV IMEP and ignition delay were observed when the discharge 
duration was prolonged from 2 ms to 4 ms, indicating improved combustion stability and 
faster flame kernel initiation. However, when the discharge duration was further prolonged 
to 7 ms, the impact of the discharge duration on the combustion process became 
insignificant.  
Figure 6-8 illustrates the impacts of the discharge duration on the stability of both the 
ignition and flame propagation processes, which are indicated by the standard deviations 
of ignition delay and combustion duration, respectively. The increase in the discharge 
duration led to reductions in the standard deviations of both ignition delay and combustion 
duration. The prompt drop in the standard deviation of ignition delay suggested that a 
longer discharge duration had more pronounced impact on the ignition process than it had 
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Figure 6-8 Impact of discharge duration on stability of ignition and flame propagation 
processes (spark timing: 282 °CA) 
6.2.2 Spark timing sweep tests with different discharge durations 
The second set of engine tests were conducted with four selected discharge durations (2 ms, 
3 ms, 5 ms, and 7 ms) under two excess air ratios (λ=1.4 and λ=1.6). Since the purpose of 
this set of engine tests was to study the performance of the extended discharge duration 
during engine operation, for each discharge duration strategy, the spark timing was 
gradually advanced until misfire cycle happened.  
Figure 6-9 illustrates the effect of spark timing on the combustion characteristics. The 
excess air ratio was set to λ=1.4. Within a spark timing window between 300 °CA and 
320 °CA, the extension of the discharge duration had minimal effect on both COV IMEP 
and CA50. This might because the in-cylinder background conditions within this crank 
angle window imposed little challenge on both the ignition and flame propagation 
processes. Thereby, the spark energy delivered within a discharge duration of 2 ms was 
sufficient to ignite the air-fuel mixture. A longer discharge duration started to show its 
benefit on combustion stability and combustion phasing control when the spark timing was 
further advanced. The COV IMEP of the cases with 2 ms and 3 ms discharge durations 
both rose beyond 10% when the spark timing was advanced before 300 °CA. This was 
mostly attributed to the lowered in-cylinder pressure and temperature at the advanced spark 
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COV IMEP of the case with 7 ms discharge duration was maintained approximately below 
5% throughout the spark timing sweep. As discussed in Chapter 4, a longer discharge 
duration allowed the continuous generation of new flame kernels tailing the spark gap, 
which helped the transition from flame kernel to self-sustained flame. Therefore, with a 
longer discharge duration, the spark timing window for stable combustion process was 
extended. 
 
Figure 6-9 Impact of spark timing and discharge duration on combustion characteristics 
under 3 bar IMEP and λ 1.4 
Figure 6-10 illustrates the impact of the spark timing on the combustion process with the 
same fuel flow rate, but under the excess air ratio of 1.6. The leaner air-fuel mixture 
deteriorated the combustion stability, as indicated by the higher COV IMEP compared with 
that under λ=1.4 condition. With a discharge duration of 2 ms, the engine suffered from 
misfire cycles and severe cycle-to-cycle variations (up to 50% COV IMEP). The 
combustion process was partially stabilized with 3 ms discharge duration, but the COV 
IMEP was still beyond 20%, with uncontrollable combustion phasing. With 7 ms discharge 
duration, the spark timing could be advanced to 277 °CA, while still maintained the 
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Figure 6-10 Impact of spark timing and discharge duration on combustion characteristics 
under 3 bar IMEP and λ 1.6 
The ignition delay and combustion duration of the spark timing sweep tests are plotted in 
Figure 6-11. Overall, the discharge duration had marginal impact on both ignition delay 
and combustion duration.  
 
Figure 6-11 Impact of spark timing and discharge duration on ignition delay and 
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Figure 6-12 illustrates the corresponding standard deviations of ignition delay and 
combustion duration for the four discharge durations. Although the discharge duration had 
marginal impact on ignition delay and combustion duration, it reduced the standard 
deviations of both ignition delay and combustion duration, with a higher reduction could 
be observed in the standard deviation of ignition delay. 
 
Figure 6-12 Impact of discharge duration on standard deviations of ignition delay and 
combustion duration under 3 bar IMEP and λ 1.6 
The above discussion suggested that the effect of discharge duration was more pronounced 
on the ignition process than on the combustion process, especially under advanced spark 
timings where both the in-cylinder pressure and mean charge temperature were unfavorable 
for the flame kernel initiation.  
In lean burn SI engines, an early spark timing is often required to compensate for the longer 
ignition delay and slower flame propagation that are caused by the drop of chemical 
reactivity of the lean air-fuel mixtures. However, the in-cylinder pressure and mean 
temperature at the spark timing drop with the advanced spark timing, which is adverse for 
the flame kernel initiation. Assistance from the ignition source is then needed to help the 
flame kernel to develop and propagate. These combined factors provide more favorable 
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pronounced under the leaner conditions, where the early flame kernel development 
encounters more challenges.   
Since the increase in the discharge duration sustained the spark plasma channel for a wider 
crank angle window, not only the start of spark but also the end of spark (EOS) might play 
a role in the ignition process.  To disclose the impact of EOS on the ignition process, the 
COV IMEP under both λ=1.4 and λ=1.6 at 3 bar IMEP conditions are plotted as a function 
of EOS, as shown in Figure 6-13. As can be observed from the figure, the combustion 
process became more stable when the EOS fell into a certain crank angle window. For 
instance, under λ=1.4, the engine operated with a COV IMEP less than 5% when the 
discharge process ended within a crank angle window from 315 °CA to 335 °CA, 
irrespective of the discharge duration. Similarly, under λ=1.6, the engine operated with a 
COV IMEP lower than 10% when the discharge process ended after 330 °CA. On the 
contrary, for the cases with an EOS earlier than this crank angle window, the engine 
operation became very unstable, with the onset of misfires and severe cycle-to-cycle 
variations, even when the discharge duration reached 7 ms. The standard deviations of 
ignition delay and combustion duration under λ=1.6 further suggested this crank angle 
window, in which both the ignition and flame propagation processes were not sensitive to 





Figure 6-13 Impact of EOS on combustion stability (3 bar IMEP) 
 
Figure 6-14 Impact of EOS on stability of ignition and flame propagation processes 
(3 bar IMEP and λ 1.6) 
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The impacts of the discharge duration on the ignition and flame propagation processes were 
investigated in a single-cylinder research engine. From the engine test results, it is 
concluded that: 
1. A prolonged discharge duration had pronounced impact on the stability of the 
ignition process, but marginal effect on ignition delay and combustion duration. 
2. The efficacy of a prolonged discharge duration on the ignition process was 
dependent on the engine operating conditions. Under moderately lean conditions, a 
prolonged discharge duration had minimal impact on the ignition and flame 
propagation processes when the spark timing was after 300 °CA.  
3. A longer discharge duration started to show benefits on combustion stability when 
the spark timing was advanced to a crank angle window, where the background 
conditions became less hospitable for the flame kernel development, such as the 
conditions with low cylinder pressure and low mean charge temperature.  
4. With leaner mixtures, a longer discharge duration could suppress the ignition 





CHAPTER VII   
7 CONCLUSIONS AND FUTURE WORK 
In this research, the impacts of discharge current amplitude and discharge duration on the 
ignition process were investigated and they are reported in this dissertation. This chapter 
summarizes the research undertaken and the main conclusions of the studies. A section 
dealing with recommendations for possible future research is also included. 
7.1 Conclusions for ignition mechanism study 
Experiments were carried out in a constant volume combustion chamber to study the 
impacts of discharge current amplitude and duration on the ignition process. A connection 
between the discharge current profiles and the flame kernel development was established 
under various background conditions. The main conclusions of this research are 
summarized as follows: 
1. Under quiescent conditions, both discharge current amplitude and discharge 
duration had minimal impact on the ignition process. 
2. Under flow conditions, a longer discharge duration could generate flame kernels 
tailing the spark gap. It is considered that to some extent, the successive flame 
kernels helped to suppress the impacts of mixture strength and flow field variations 
on the ignition process. However, once the spark gap was fully covered by the 
burned gas, the benefits of further prolonging the discharge duration became 
insignificant. 
3. Under flow conditions, a higher discharge current amplitude contributed to larger 
flame kernels. When the discharge current was elevated from 90 mA to 300 mA, it 
was observed that the early combustion was accelerated. However, the benefits 
were gradually diminished with further increase in the discharge current amplitude. 
4. With a fixed amount of discharge energy, a rapid combustion process required both 
adequate discharge current amplitude and discharge duration. The capability of the 
ignition system to ignite ultra-lean mixtures under strong flow conditions increased 





7.2 Conclusions for the study of multi-event spark discharge strategies 
The operational principles of the single-coil repetitive discharge and dual-coil offset 
discharge strategies were explored and explained using the acquired electrical waveforms 
of the discharge events. The main conclusions from this part of the research are as follows:  
1. With the same charging voltage and same ignition coil, the repetitive discharge and 
offset discharge strategies could deliver more electrical energy to the spark gap 
through the prolonged discharge duration, as compared with the single-event 
discharge strategy. 
2. To realize a continuous discharge process under flow conditions, the offset 
discharge strategy required a high working frequency, an elevated charging voltage, 
and ignition coils with small inductances.  
7.3 Conclusions for the single-cylinder research engine tests 
Single-cylinder engine tests were carried out to study the impact of prolonged discharge 
duration on lean combustion. The major conclusions from this research are given below: 
1. A prolonged discharge duration had pronounced impact on the stability of the 
ignition process, but marginal effect on ignition delay and combustion duration. 
2. The efficacy of a prolonged discharge duration on the ignition process was 
dependent on the engine operating conditions. Under moderately lean conditions, a 
prolonged discharge duration had minimal impact on the ignition and flame 
propagation processes when the spark timing was after 300 °CA.  
3. A longer discharge duration started to show benefits on combustion stability when 
the spark timing was advanced to a crank angle window, where the background 
conditions became less hospitable for the flame kernel development, such as the 
conditions with low cylinder pressure and low mean charge temperature.  
4. With leaner mixtures, a longer discharge duration could suppress the ignition 




7.4 Recommendations for future work 
1. A continuous discharge process through the multi-coil offset discharge strategy was 
found to be beneficial for the flame kernel formation and development processes. 
However, as the discharge profile of an offset discharge strategy was strongly 
affected by the background pressure and flow field near the spark gap, it is 
recommended that a feedback control strategy can be developed and investigated 
to ensure a continuous discharge process.  
2. There could be potential side effects when using an offset discharge strategy to 
extend the discharge duration, for instance, the spark plug erosion caused by the 
long discharge duration, and the resistive heat generated by the ignition coils 
working under high frequency. Consequently, there is a requirement to quantify 
and qualify these possible shortcomings.  
3. Based on the single-cylinder engine test results, a prolonged discharge duration 
only appears to be beneficial for combustion while the effectiveness of the ignition 
process becomes problematic. The investigation on adaptive control of the 
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APPENDIX A: DATA ANALYSIS METHODS 
A.1 Energy calculation for the charging and discharging processes of TCI system  
In a TCI ignition system, the ignition coil transfers the electrical energy from the power 
supply to the spark gap. The energy distributing in the system can be estimated based on 
the current and voltage profiles. The primary coil energy (𝐸𝑝𝑟𝑖𝑚_𝑐𝑜𝑖𝑙), which is defined as 
the energy stored into the primary winding during the charging process, can be calculated 





2  [mJ] (A-1) 
Where 𝐿𝑝  is the primary inductance, and 𝐼𝑝_𝑚𝑎𝑥  is the peak primary current when the 
transistor in the primary circuit is switched off. 
During the charging process, apart from the energy stored in the ignition coil, a portion of 
electrical energy is dissipated on the primary circuit as the resistive loss. The primary 
resistive losses (𝐸𝑝𝑟𝑖𝑚_𝑙𝑜𝑠𝑠) can be calculated with equation A-2 [104,105]. 
𝐸𝑝𝑟𝑖𝑚_𝑙𝑜𝑠𝑠 = ∫ 𝐼𝑝
2(𝑡) ∙ 𝑅𝑝 ∙ 𝑑𝑡
𝑡𝑐
0
 [mJ]  (A-2) 
Where 𝑅𝑝 denotes the total resistance of the primary circuit, 𝐼𝑝(𝑡) is the primary current 
profile in the charging process, and 𝑡𝑐 is the charging duration. 
The total energy consumed in the primary circuit is the summation of the primary coil 
energy and the primary resistive losses, as shown in equation A-3 [106]. 
𝐸𝑝 = 𝐸𝑝𝑟𝑖𝑚_𝑐𝑜𝑖𝑙 + 𝐸𝑝𝑟𝑖𝑚_𝑙𝑜𝑠𝑠 [mJ]  (A-3) 
In the secondary circuit, since the discharging process includes the breakdown, as well as 
the glow and arc phases, the total discharge energy (𝐸𝑠) consists of mostly the capacitive 
energy released in the breakdown phases (𝐸𝑏), and the inductive energy released from the 
secondary coil (𝐸𝑐𝑜𝑖𝑙−𝑜𝑢𝑡) during the glow and arc phases, as shown in equations A-4 to 
A-6 [105,106].  








2 [mJ]      (A-5) 
𝐸𝑐𝑜𝑖𝑙−𝑜𝑢𝑡(𝑡) = ∫ 𝑉𝑠(𝑡) ∙ 𝐼𝑠(𝑡) ∙ 𝑑𝑡
𝑡𝑠
0
 [mJ] (A-6)      
Where 𝐶𝑝𝑙𝑢𝑔  denotes the parasitic capacitance of the spark plug structure, 𝑉𝑏  is the 
breakdown voltage, 𝑉𝑠(𝑡)  and 𝐼𝑠(𝑡)  are the secondary voltage and secondary current 
profiles in the discharging process, respectively, and 𝑡𝑠 denotes the discharge duration. 
For an ignition system that is equipped with a built-in resistive spark plug, only a portion 
of the electrical energy is delivered to the spark gap. The spark gap energy (𝐸𝑠𝑝𝑎𝑟𝑘) can be 
calculated by the total coil-out energy (𝐸𝑐𝑜𝑖𝑙−𝑜𝑢𝑡) subtracting the resistive loss dissipated 
on the spark plug during discharge, as shown in equation A-7 [104,105].                                
𝐸𝑠𝑝𝑎𝑟𝑘(𝑡) = 𝐸𝑐𝑜𝑖𝑙−𝑜𝑢𝑡 − ∫ 𝐼𝑠
2(𝑡) ∙ 𝑅𝑝𝑙𝑢𝑔 ∙ 𝑑𝑡
𝑡𝑠
0
 [mJ]  (A-7) 
Where 𝑅𝑝𝑙𝑢𝑔 is the embedded internal resistance of the spark plug. 
With the primary energy and secondary energy, the energy transfer efficiencies of the 
ignition system from power supply to secondary coil-out (𝜂𝑐𝑜𝑖𝑙−𝑜𝑢𝑡), and from power 








 [%] (A-9) 
A.2 Calculation of the projected flame area 
The flame initiation process presented in Chapter 4 was recorded with the shadowgraph 
imaging technique. Figure A-1 illustrates an example of the flame kernel initiation under 





Figure A-1 Flame kernel initiation captured with shadowgraph imaging 
The flame initiation process can be quantified by the projected flame area of the 
shadowgraph images. In this study, a MATLAB image processing code was created to 
extract the flame boundary and convert the shadowgraph images to binary files. The flame 
areas in the consecutive images were then calculated with equation A-10, in which 𝑠𝑝𝑖𝑥𝑒𝑙 
was the unit pixel area. Figure A-2 demonstrates an example of the extracted flame 
boundary.   
Sflame = 𝑠𝑝𝑖𝑥𝑒𝑙 ∙ ∑ 𝑁𝑝𝑖𝑥𝑒𝑙 [mm2]  (A-10) 
 
Figure A-2 An example of the projected flame area 
A.3 Duration of pressure rise for combustion tests conducted in the CVCC 
Since the combustion chamber was equipped with Swagelok pressure transducer, the 
pressure signals acquired during the combustion process provided another approach to 
characterize the flame growth under each testing conditions. This method was the main 
evaluating technique for the combustion tests conducted in the 0.2 L CVCC under flow 
conditions, as the noisy background in each shadowgraph image (caused by the swirl flow 
field) imposed challenges on directly calculating the projected flame area.  
0 ms 6 ms 15 ms 30 ms 50 ms
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With the chamber pressure traces, the duration to reach the maximum pressure could be 
used as an indicator for the combustion process, with the assumptions that the gas mixture 
in the chamber was ideal gas, the pressure rise during the constant volume combustion 
process was mainly caused by the burning of the fuel, the specific heat at constant volume 
(𝑐𝑣) was constant, and the heat transfer loss to the chamber wall was negligible [55]. The 




 [%]  (A-11) 
Where 𝑝(𝑡) denoted the pressure at time t, 𝑝𝑚𝑎𝑥  was the maximum chamber pressure 
during the combustion, and 𝑝𝑖𝑛𝑖𝑡𝑖𝑎𝑙  denoted the initial chamber pressure at the spark 
timing. The durations to reach 10% (𝑡10%) and 50% (𝑡50%) of the maximum pressure were 
then used to describe the early flame kernel formation and flame propagation processes, 
respectively. Figure A-3 demonstrates an explanatory case for 𝑡10% and 𝑡50%, based on the 
pressure trace of a combustion test conducted under quiescent condition, with a background 
pressure of 3 bar absolute and an excess air ratio of λ=1.8. 
 


















































APPENDIX B: BASELINE ENGINE TESTS 
The baseline engine tests with 2 ms discharge duration via the MCD ignition system were 
conducted under the engine loads of 3 bar and 6 bar IMEP. The engine speed was set to 
1300 RPM. Figure B-1demonstrates the impacts of the engine loads and excess air ratios 
on the combustion process. The spark timing in the demonstrated cases was set to 332 °CA. 
Under the same spark timing, the combustion phasing (CA50) was retarded with the 
increase in the excess air ratio. 
 
Figure B-1 Pressure traces and apparent heat release rates under different engine loads 
and excess air ratios (ts=2 ms) 
Under each engine load, the excess air ratio was gradually increased to investigate the 
engine operation lean limit with the 2 ms discharge duration, as shown in Figure B-2. With 
the increase in the excess air ratio, advanced spark timing was needed to maintain the 
similar combustion phasing. However, when the excess air ratio was beyond a certain limit, 
e.g. λ=1.6 under 3 bar IMEP engine load, the combustion phasing could not be maintained 
by advancing the spark timing anymore, and excessive cycle-to-cycle variations were 
observed, leading to the reduction in the engine load. Additionally, the higher engine load 
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Figure B-2 Combustion characteristics of 2 ms discharge duration under different engine 
loads and excess air ratios 
Although advancing the spark timing helped the engine to maintain the combustion phasing 
under leaner conditions, the in-cylinder pressure and mean charge temperature also varied 
with the spark timing. Figure B-3 illustrates the in-cylinder pressure and mean charge 
temperature at each spark timing (before combustion) under the two engine load 
conditions. The in-cylinder mean charge temperature was estimated based on the motoring 
pressure traces under the respective engine load and excess air ratio, by assuming the 
compression process before combustion was an isentropic process, the gas mixture 
followed the ideal gas law, the charge-to-wall heat transfer was neglected, and the specific 
heat ratio 𝛾  was a constant. Decreases in the in-cylinder pressure and mean charge 
temperature were observed with the advanced spark timing. Both the reduced pressure and 
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Figure B-3 In-cylinder pressure and mean charge temperature at the spark timing under 
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